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As  a  high  school  student,  the  future  of  my  chosen  field  is 
directly  in  my  hands.  What  I,  and  thousands  like  me,  do  has  a  profound 
effect  on  the  future  of  American  science.  With  that  in  mind  I  chose  to 
participate  in  an  eight  week  summer  apprenticeship  at  Phillips  Lab, 
located  at  Edwards  Air  Force  Base.  This  has  resulted  in  a  variety  of 
different  benefits  that  if  used  to  their  full  potential  could  help  me 
immensely  in  the  near  future. 

Computers 

My  knowledge  of  computers  drastically  increased  during 
my  stay  here.  Before  entering  this  program  I  was  fairly  proficient  with 
most  Apple  computers  and  I  could  meander  through  most  of  the  other 
standard  personal  computers  (PCs).  Now  I  am  fully  competent  with  a 
Macintosh  and  have  a  working  knowledge  of  other  systems. 

In  the  everyday  world  people  see  PCs  as  little  more  than 
high  powered  type-writers.  At  Phillips  Laboratory  I  learned  to  see 
computers  as  an  advanced  all-purpose  tool.  A  tool  so  powerful  it  can  do 
things  thousands  of  miles  away.  It’s  this  mode  of  thinking  that  separates 
your  average  PC  user  from  the  professional. 

College  Application 

Not  all  that  I  learned  was  expected.  I  found  a  surprising 
number  of  engineers  had  recently  gone  back  to  college  for  one  reason  or 
another  and  their  advice  will  hopefully  prove  to  be  very  helpful.  The 
college  co-ops  also  working  here  for  the  summer  have  proven  to  be 
invaluable.  They  possess  knowledge  of  the  college  experience  from  the 
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eyes  of  someone  closer  to  my  own  age.  The  information  they  imparted  to 
me  was  found  to  be  both  interesting  and  helpful. 

Engineering 

Engineering,  especially  the  actual  development  of  working 
pieces,  is  a  team  effort.  Learning  this  was  probably  the  most  important 
part  of  my  apprenticeship.  Engineers  are  not  the  only  vital  link  in  the 
scientific  work  force.  Mechanics,  secretaries,  draftsmen  and  other 
support  personnel  are  just  as  vital  to  scientific  research. 

Scientific  Research 

The  main  goal  of  my  summer  was  to  engage  in  actual, 
worthwhile  scientific  research.  I  worked  on  a  project  that  involved  work 
on  Liquid  Crystal  Polymers  (LCPs).  LCPs  look  promising  for  future 
aerospace  applications.  They  are  light  weight,  have  a  high  strength  to 
weight  ratio  at  room  temperature,  and  should  possess  an  even  greater 
strength  in  cold  environments. 

LCPs  are  very  structured  on  a  molecular  level,  much  like 
crystals  (hence  the  name  liquid  crystal  polymer).  Due  to  the  nature  of  the 
molecular  bonding,  the  outer  layer  of  cells  (referred  to  as  the  skin  of  the 
LCP  from  here)  is  much  stronger  than  the  rest  of  the  material.  This  layer 
of  skin  is  responsible  for  the  high  strength  to  weight  ratio  mentioned 
above. 


These  LCPs  are  to  be  tested  for  application  in  a  cryogenic 
turbopump.  A  cryogenic  material  is  simply  an  extremely  cold  liquid  gas. 
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Diagram  -*^1 


Tp<^t  Pin  Fndrao 


Thermocouple  Inlet  Port 
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Average  Dimensions: 
Wall  Thickness:  0.1297 
Inner  Diameter:  2.2286 
Outer  Diameter:  2.4895 


Average  Dimensions: 
Wall  Thickness:  0.2095 
Inner  Diameter:  2.0545 
Outer  Diameter:  2.4895 


examples  of  which  are;  liquid  nitrogen  (which  liquefies  at  approximately 
-194°  Celsius  )  and  liquid  oxygen  (approximately  -183°  C).  The  Ideal 
material  would  be  extremely  strong  and  light,  yet  capable  of  withstanding 
these  cryogenic  temperatures.  Other  factors  like  compatibility  with 
cryogenic  propellants  must  be  taken  into  account. 

The  actual  testing  consists  of  exposing  various  LCPs  to 
high  pressures.  The  idea  being;  to  dtermine  which  polymer  will  be  able  to 
withstand  the  necessary  pressures  for  operation  inside  a  turbopump.  The 
LCP  will  be  tested  in  a  specially  designed  test  rig  (See  Diagram  #1).  The 
test  rig  is  made  of  stainless  steel.  The  stainless  steel  is  of  the  300 
series,  which  is  noted  for  its  lack  of  embrittlement  in  cryogenic 
temperatures. 


The  test  specimens  will  be  injection  molded  into  hollow 
right  cylindrical  shapes  (see  Diagram  #2).  Due  to  the  nature  of  the 
injection  molding  process  all  the  LCPs  specimens  will  have  a  slight  1.15° 
taper.  The  specimens  will  be  placed  onto  a  specially  designed  test  rig. 

The  test  rig  consists  primarily  of  two  end  caps  (see 
Diagram  #3).  These  end  caps  go  both  above  and  below  the  LCP.  The  LCP 
will  be  fitted  around  the  inner  flange  of  the  test  rig  end  cap.  The  pressure 
will  be  retained  via  a  pressure  seal  also  placed  around  the  flange.  The 
entire  structure  will  be  held  together  by  a  set  of  6  bolts,  that  run  from 
one  end  cap  to  the  other.  The  testing  will  utilize  an  on-site 
pressurization  facility  to  pressurize  the  LCP  case,  using  gaseous  helium. 
The  test-rig  has  been  equipped  with  an  inlet  pressurization  line  and  a 
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Diagram  ^3 


Bolt  Holes 


ventline.  The  whole  device  will  then  be  placed  inside  a  stainless  steel 
box.  This  is  done  in  order  to  contain  both  the  exploding  LCP  specimen  and 
the  cryogenic  fluid. 

During  the  cryogenic  testing  the  LCP  will  be  pre-pressurized 
to  300  PSIG  before  the  test  rig  is  submerged  in  the  cryogens.  This  pre¬ 
pressurization  stage  will  assure  that  the  seals  seat  properly.  Also 
thermocouples  will  be  installed  in  order  to  determine  when  the  2X4  casing 
has  reached  thermai  equilibrium. 

After  reaching  equilibrium,  the  pressure  inside  the  polymer 
casing  will  be  increased  until  the  material  ruptures.  Testing  will  be  done 
in  both  ambient  and  cryogenic  environments.  The  cryogenic  fluid  will  be 
liquid  nitrogen.  In  this  environment  the  LCP  is  expected  to  be 
significantly  stronger.  The  maximum  pressure  is  expected  to  2000  psi, 
with  possibilities  for  higher  pressures  should  the  LCP  prove  to  be 
stronger  than  expected.  The  hardware  is  rated  to  4000  psi. 

A  pressure  transducer  will  be  part  of  necessary 
instrumentation.  A  second  transducer  will  also  be  in  place  to  back-up  in 
case  of  failure.  The  transducers  will  be  placed  upstream  of  the  2X4  LCP 
casing.  All  thermocouple  data  will  be  taken  by  two  thermocouples  located 
at  one  end  of  the  test  rig.  The  will  be  ported  through  a  “T”  connector 
(also  known  as  an  inlet/thermocouple  manifold)  allowing  direct  access  to 
the  2X4  case.  The  pressure  inlet  and  the  ventline  outlet  will  both  use  the 
other  “T”  port  (see  Diagram  #4).  Data  acquisition  will  be  taken  to  provide 
1 00  samples  a  second. 
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NASA  WHITE  SANDS  TEST  FACILITY 


USAF  TURBO  PUMP  PLASTICS  TESTING 
SPECIAL  TEST  DATA  REPORT 


1.0  TEST  MATERIALS 


WSTF  #  91-24845  to  47 
October  10,  1991 


Vectra  A950  (ivory  color),  DuPont  HX400  (green-brown),  and 
Xydar  RC210  (beige) 

Additional  Information 

These  test  materials  are  all  liquid  crystal  polymers  (LCP),  which  are 
described  further  in  Appendix  B.  The  three  materials  were  ranked 
according  to  the  results  of  the  testing,  and  were  also  compared  with 
Teflon  polytetrafluoroethylene  (PTFE)  for  reference,  as  the  behavior  of 
Teflon  PTFE  in  oxygen  environments  is  well -documented. 

Required  dimensions  for  the  test  samples  were  supplied  by  White  Sands 
Test  Facility  (WSTF);  molding  and  sample  preparation  were  performed  by 
Edwards  Air  Force  Base. 


2.0  TEST  DOCUMENTS 


JSC  Form  2035  and  Special  Instructions  (Appendix  A),  NASA  Handbook 
NHB  8060. IB,  and  the  ASTM  Annual  Book  of  Standards,  1986 


3.0  TEST  APPARATUS 


The  mechanical  impact  test  apparatus  is  shown  in  Figure  1.  The  samples 
are  placed  in  the  cup  assembly,  then  the  electromagnet  releases  the 
plummet  assembly  to  impact  the  sample.  The  test  atmosphere  is  liquid 
oxygen  (LOX).  This  test  examines  the  effects  of  high-impact  ignition 
sources  on  a  material  in  LOX. 

The  Fourier  Transform  Infrared  (FTIR)  tube  furnace  and  Differential 
Scanning  Calorimeter  (DSC)/light  pipe  assembly  are  shown  in  Figures  2  and 
3.  To  use  the  FTIR  tube  furnace,  the  sample  is  placed  inside  the  tube 
furnace.  Oxygen  is  flowed  over  the  sample,  then  analyzed  with  a  Fourier 
Transform  Infrared  (FTIR)  spectrometer  for  gaseous  emissions.  The 
DSC/light  pipe  assembly  is  a  silicon  photodiode  attached  via  a  light  pipe 
to  a  DSC  chamber.  To  use  the  DSC/light  pipe  assembly,  the  sample  is 
placed  inside  the  chamber,  and  the  temperature  is  raised  slowly  until  the 
sample  ignites.  The  silicon  photodiode  then  detects  radiative  flame 
emissions  from  the  sample.  Both  tests  examine  the  effect  of  temperature 
on  the  ignition  properties  of  materials.  The  purpose  is  to  determine  at 
what  temperature  gaseous  emissions,  ignition,  or  other  events  occur. 
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Figure  4  shows  a  promoted  combustion  chamber  similar  to  the  one  used  in 
this  testing.  The  promoted  combustion  test  apparatus  provides  a  known 
volume  and  atmosphere  for  a  combustion  test.  It  consists  of  a  chamber  in 
which  the  sample  is  placed  in  a  sample  holder.  An  igniter  is  then  placed 
at  the  top  of  the  sample.  This  test  examines  the  combustion  properties 
of  materials  in  oxygen. 


4.0  TEST  APPROACH 


Three  types  of  test  were  conducted:  mechanical  impact,  autoignition 
temperature  testing,  and  promoted  combustion  testing. 

4.1  MECHANICAL  IMPACT  TESTING 

Mechanical  impact  testing  was  performed  according  to  NHB  8060. IB, 

Test  13A,  and  ASTM  D2512.  The  samples  were  1.75-cm-diaraeter,  0.15-cm- 
thick  disks.  A  test  consisted  of  20  open-cup,  ambient-pressure  impacts 
of  98  J  in  liquid  oxygen  (LOX).  A  reaction  was  considered  to  have 
occurred  when  a  flash,  an  audible  report,  or  sample  charring  occurred. 

4.2  AUTOIGNITION  TEMPERATURE  TESTING 

Autoignition  temperature  testing  is  defined  as  the  temperature  at  which 
the  sample  will  spontaneously  ignite.  Autoignition  testing  was  performed 
with  the  FTIR  tube  furnace  apparatus  and  with  the  Differential  Scanning 
Calorimeter  (DSC)/light  pipe  apparatus;  both  tests  were  in  gaseous  oxygen 
(GOX).  The  testing  performed  with  the  FTIR  tube  furnace  was  recorded  on 
video. 

The  FTIR  apparatus  gave  autoignition  temperature  (AIT)  at  ambient 
pressure,  precombustion  gases,  and  gases  given  off  during  and  after 
combustion. 

The  DSC  apparatus  gave  ignition  temperatures.  The  light  pipe  measured 
AIT  light  emission  at  ambient  pressure.  The  DSC  was  operated  at  a 
heating  rate  of  10  ’C  per  minute  in  a  GOX  environment  (150  gccm). 


243 


NASA  WHITE  SANDS  TEST  FACILITY 

USAF  TURBO  PUMP  PLASTICS  TESTING 
SPECIAL  TEST  DATA  REPORT 


WSTF  #  91-24845  to  47 
October  10,  1991 


4.3  PROMOTED  COMBUSTION  TESTING 

The  method  used  for  the  promoted  combustion  testing  was  similar  to  that 
used  for  promoted  combustion  of  metals.’  The  differences  were  that 
oxygen  pressures  were  lower  in  this  testing,  propagation  of  the  burn  was 
downward,  and  the  chamber  had  a  capacity  of  120  liters  and  was  designed 
for  low-pressure  (up  to  120  kPa).  The  size  of  the  chamber  was  such  that 
sufficient  oxygen  was  available  for  complete  combustion  of  the  sample  at 
the  lowest  test  pressure.  The  oxygen  pressure  range  used  in  this  testing 
was  2.1  kPa  to  120  kPa.  The  promotor  was  nichrome  wire,  placed  at  the 
top  of  the  sample  for  downward  flame  propagation  in  GOX.  The  promoter 
was  heated  by  an  electrical  current  providing  a  constant  source  of 
energy.  Samples  were  0.32-cm-diameter,  7.62-cm-long  rods.  Sample 
burning  was  recorded  through  a  chamber  view  port  by  video. 


5.0  TEST  RESULTS 

Results  of  mechanical  impact,  autoignition  temperature  (both  with  the 
FTIR  tube  furnace  and  the  DSC/light  pipe),  and  promoted  combustion 
testing  follow.  The  materials  are  listed  in  the  tables  according  to 
their  ranking;  the  ones  ranking  best  are  listed  first. 

5.1  MECHANICAL  IMPACT  TESTING 

Table  1  shows  the  results  of  the  mechanical  impact  testing. 


Steinberg,  T.  A.,  M.  A.  Rucker,  and  H.  D.  Beeson.  "Promoted  Combustion 
of  Nine  Structural  Metals  in  High  Pressure  Gaseous  Oxygen:  A  Comparison 
of  Ranking  Methods."  Flammability  and  Sensitivity  of  Materials  in 
Oxygen-Enriched  Atmospheres:  Fourth  Volume.  ASTM  STP  1040.  Edited  by  J. 
M.  Stoltzfus,  F.  J.  Benz,  and  J.  S.  Stradling,  American  Society  for 
Testing  and  Materials,  Philadelphia,  1989,  pp.  54-75. 
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Table  1.  Reactions  in  20  Tests _ _ _ 


MATERIAL 

REACTIONS 

Vectra  A950 

3 

DuPont  HX400 

18 

Xydar  RC210 

19 

5.2  AUTOIGNITION  TEMPERATURE  TESTING 

The  results  of  the  FTIR  Tube  Furnace  testing  are  shown  in  Table  2.  The 
tests  were  recorded  on  Video  715A. 

None  of  the  three  materials  showed  ignition  with  the  DSC/light  pipe, 
but  large  exotherms  were  detected  for  each.  Exotherm  values  (not  AIT 
values)  for  each  material  are  in  Table  3. 

An  endotherm  was  exhibited  by  DuPont  HX400  with  a  peak  at  306  ‘C;  this 
may  correspond  to  melting.  Figures  5,  6,  and  7  show  DSC  test  results. 
The  samples  were  tested  up  to  600  'C  in  the  DSC/light  pipe,  but  the 
traces  were  cut  off  at  the  point  after  which  the  data  remained  constant, 
typically  between  450  and  500  *C. 


Table  2.  Results  of  FTIR  Tube  Furnace  Testing 


MATERIAL 

AIT 

'C 

CO,  EMISSION 
TEMP 
*C 

GASEOUS  EMISSION 
TYPES 

Xydar  RC210 

542 

305 

COj,  CO,  H2O, 
aromatic 

hydrocarbons,  and 
esters 

Vectra  A950 

540 

320 

CO,,  CO,  aromatic 
hydrocarbons  and 
esters 

DuPont  HX400 

505 

275 

CO,,  CO,  aromatic 
hydrocarbons  and 
esters 
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Table  3.  Results  of  DSC/Light  Pipe  Testing 


Material 

Exotherm  Temperature 
'C 

Vectra  A950 

473 

Xydar  RC210 

470 

DuPont  HX400 

370 

5.3  PROMOTED  COMBUSTION  TESTING 


The  tests  were  recorded  on  Video  10430A.  The  threshold  pressure  is 
defined  here  as  the  pressure  above  which  the  sample  will  burn.  A  burn 
was  considered  sustained  combustion  of  at  least  5.1  cm  of  the  sample, 
which  allowed  for  combustion  beyond  igniter  effects  and  before  heat 
sinking  effects  from  the  sample  holder.  Burn  rates  were  also  calculated 
as  the  rate  of  propagation  of  the  flame  front. 

Threshold  pressures  for  the  Xydar  RC210,  Vectra  A950,  and  DuPont  HX400 
were  8.3  kPa,  6.6  kPa,  and  3.5  kPa  respectively.  Threshold  pressures  are 
indicated  in  Figure  8.  Burn  rate  comparisons  are  given  in  Figure  9. 
Teflon  PTFE  had  a  threshold  pressure  of  110  kPa  (reported  here  for 
comparison  purposes).  Teflon  PTFE  burned  at  a  much  slower  rate  (0.014 
cm/sec  at  110  kPa),  and  is  not  shown  on  the  comparison. 


6.  0  DISCUSSION 


A  material  is  considered  more  suitable  for  use  in  oxygen  if  it  shows 
fewer  reactions  when  tested  by  mechanical  impact,  has  a  higher  AIT,  and 
has  a  higher  threshold  pressure  and  a  lower  burn  rate.^ 

Another  important  consideration  when  determining  the  suitability  of 
polymers  for  oxygen  service  is  the  degradation  products.  Polymers  with 
non-oxidizable  products  tend  to  be  surface  burners,  as  shown  in  the 
promoted  combustion  video  of  Teflon  PTFE;  the  significance  of  this  is 


"Standard  Guide  for  Evaluating  Nonmetallic  Materials  for  Oxygen  Service. 
ASTM  G63,  American  Society  for  Testing  Materials,  Philadelphia,  1983. 
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that  surface  burners  tend  to  burn  with  lower  flame  temperatures  as 
calculated  by  the  Gordon-McBride  computer  program.  Materials  with 
lower  flame  temperatures  are  less  likely  to  ignite  surrounding  materials. 
CO,  emission  temperature  is  an  indication  of  when  degradation  products  of 
the  polymer  begin  evolving;  the  lower  this  temperature  is,  the  more 
likely  the  polymer  is  to  ignite. 

Vectra  A950  had  the  least  number  of  mechanical  impact  reactions  of  the 
three  tested  materials.  Both  DuPont  HX400  and  Xydar  RC210  showed  high 
susceptibilities  to  reactions  by  mechanical  impact.  Teflon  PTFE  usually 
shows  no  reactions  under  the  given  mechanical  impact  test  conditions. 

All  three  materials  had  high  AIT  values.  Vectra  A950  and  Xydar  RC210  had 
similar  AIT  values,  higher  than  that  for  Teflon  PTFE  (525  ®C).  The 
DuPont  HX400  had  a  lower  AIT  than  the  Teflon  PTFE. 

The  exotherm  values  from  DSC  testing  showed  similar  trends  to  the  AIT 
temperatures  from  the  FTIR  tube  furnace  testing.  The  DSC  testing  also 
showed  that  DuPont  HX400  undergoes  an  endotherm  at  around  275  *C;  it  may 
have  been  melting. 

Gaseous  emissions  from  the  test  materials  were  COj,  CO,  aromatic 
hydrocarbons,  and  esters  (HjO  was  also  emitted  from  Xydar  RC210).  The 


^  Gordon,  S.,  and  B.  J.  McBride.  "Computer  Program  for  Calculation  of 
Complex  Chemical  Equilibrium  Compositions,  Rocket  Performance,  Incident 
and  Reflected  Shocks,  and  Chapman-Jouguet  Detonations."  NASA  SP-273, 
National  Aeronautics  and  Space  Administrations,  Washington,  DC,  1971. 

*  Moffett,  G.  E.,  N.  E.  Schmidt,  M.  D.  Pedley,  and  L.  J.  Linley.  "An 
Evaluation  of  the  Liquid  Oxygen  Mechanical  Impact  Test."  Symposium  on 
Flammability  and  Sensitivity  of  Materials  in  Oxygen-Enriched  Atmospheres: 
Fourth  Volume.  ASTM  STP  1040.  Edited  by  J.  M.  Stoltzfus,  F.  J.  Benz,  and 
J.  S.  Stradling,  American  Society  for  Testing  and  Materials, 

Philadelphia,  1989. 

^  Tapphorn,  R.  M.,  R.  Shelley,  and  F.  J.  Benz.  "Test  Developments  for 

Polymers  in  Oxygen-Enriched  Environments."  Flammabilitv  and  Sensitivity 
of  Materials  in  Oxvaen- Enriched  Atmospheres:  Fifth  Volume.  ASTM  STP 
nil.  Edited  by  J.  M.  Stoltzfus  and  K.  Mcllroy,  American  Society  for 
Testing  and  Materials,  Philadelphia,  1991. 
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aromatic  groups  can  be  considered  as  oxidizable  fuel.  Other  products 
given  off  by  Teflon  PTFE  are  CO,  COFj,  and  CF^;  these  products  are  not 
easily  oxidizable.^  The  test  materials  producing  oxidizable  groups  were 
gaseous  burners  and  burned  with  flames  (also  shown  in  the  promoted 
combustion  video). 

Vectra  A950  was  most  similar  to  Teflon  PTFE  in  that  the  CO2  emission 
temperature  was  high;  emission  of  COj  from  Teflon  PTFE  is  usually 
observed  between  350  and  400  ‘C.® 

All  three  polymers  had  low  threshold  pressures  compared  with  that  of 
Teflon  PTFE.  Vectra  A950  had  the  lowest  burning  rate  of  the  three 
materials  in  the  pressure  range  tested,  but  its  burning  rate  values  were 
much  higher  than  those  of  Teflon  PTFE. 

Vectra  A950  had  the  overall  best  properties.  It  ranked  best  in  all  the 
tests  except  autoignition  temperature  testing,  where  it  was  about  the 
same  as  Xydar  RC210.  DuPont  HX400  ranked  the  overall  poorest  of  the 
three  materials. 


Tapphorn,  R.  M.,  R.  Shelley,  and  F.  J.  Benz.  "Test  Developments  for 
Polymers  in  Oxygen- Enriched  Environments."  Flammability  and  Sensitivity 
of  Materials  in  Oxygen-Enriched  Atmospheres:  Fifth  Volume.  ASTM  STP 
iili,  Edited  by  J.  M.  Stoltzfus  and  K.  Mcllroy,  American  Society  for 
Testing  and  Materials,  Philadelphia,  1991. 
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Figure  3.  DSC/Light  Pipe  Assembly 
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Figure  8.  Threshold  Pressure  Comparison 
Vectra  A950,  DuPont  HX400,  Xydar  RC210,  and  Teflon 
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APPENDIX  A 
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JSC  Form  2035 
Special  Instructions 
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NASA  JSC  TEST  REQUEST 

yorr  to  test  facility:  a  copy  of  this  request  should  fe  returned  with  the  test  report 

OFFICE  USE  ONLY 

\AV,£ 

Harold  Beeson/Richard  Shelley 

ORGA.M  ZATi  ON 

NASA/LESC 

ADDRESS  Building  200 

NASA/JSC/WSTF 

P.O.  Drawer  MM,  Las  Cruces,  NM  88004 

RE0v.E.SI^0  . 

OATS  March  27,  1991  505-524-5687 

|C0DE 

i.  LZ’ S  IDENTIFICATION 

{  1  ' EM  DE5C^ 1 PTI ON) 

Vectxa  A950  (Ivory  color) 

2.  manufacturer*  S  -NAME 

Hoechst  Celanese 

3.  S=ECI E| CATION 

80  mech.  imp.  discs 

80  prom  iqn.  rods 

4.  CHEMICAL  CLASS  5.  GENERIC  USE 

Liquid  Crystal  Polymer  Oxygen  testir^ 

3.  '.Eh  1C- £  [9.  =ART  number  a  SE.RIAL  NO. 

N/A  N/A 

1  a  S  '  U  1  1  1  ^  [ 

10.  PROJECT 

Plastics  Turbo 
'  Pump-USAF 

J  f*  16  VCH  TQCM  SPECl M 

11.  USE  temperature 

N/A 

12.  -SE  ATMOS  =  HERE/rL.'i  0 

N/A 

13.  IGNITER  TYRE 

N/A 

|14.  USE  PRESSURE 

N/A 

15.  -SE  ■'hickness 

N/A 

16.  intended  APR'-ICA  ivN  ji7.  Q..^aNTITY  in  habitable  AREA/hAZAROOUS  R'lUI  D/vaCl.M 

Test  material  for  oiq^en  testing  j  N/A 

;  3  .  -  -  ty  .  I  M  E  M  9  .  C  J  R  E  1  '.MP  E  .R  A  1  o  R  r 

N/A  1  N/A  1 

1 

20.  CURE  PRESSURE 

N/A 

A=-|CLE  -ES-  article  area  :25.  \uvb£=  i~ems  tested 

N/At.  1  N/A  i  N/A 

24.  number  items  ”0  BE  "LO.v\ 

N/A 

.'3E^  :_0.  "ESV  '^AV!B£  = 

:  atv0S=HERE 


27.  -EST  :.-A.VBER  pressure  (23.  test  EHAy3E=  -EV=£  =  4' 


N/A 


N/A 


N/A 


'  N/A 


:s-  :-i‘.!3ER  -'0.  S-EAMNC 

.  =  A- 1 


N/A 


N/A 


I  3 1  .  VA 

i  N/A 


;32.  =HOTOGRAPu, c,  eeaoe 
i  ^v'hwcr  □stills  Dnone 


1.  Perform  mechanical  inpact  testing  per  NHB  8060.13,  Test  13A. 

2.  Perform  autoignition  terrperature  testing  in  GOX. 

3.  Perform  promoted  ccmfcusticai  testing  in  GOX  at  threshold  pressure  and  bum  rate. 


260 


NASA  JSC  TEST  REQUEST 


Vf>TF  rn  TEST  FACILITY:  A  COPY  OF  THIS  KEOUEST  SHOULD  HE  ’iF.TUENED  WITH  THE  TEST  REPORT. 


ORGANIZATION 


Harold  Beeson/Riciiard  Shelley 


aodress  Building  200 
NASA/JSC/WSTF 


NASA/LESC 


OFFICE  USE  ONLY 


COORfikNATOR 


REOU^O. 


P.O.  Drawer  MM,  Las  Cruces,  NM  88004 


rESTT.T6;*iLiT' 


OATE  March  27,  1991 

1.  manufacturer’s  identification 

(ITEM  DESCRIPTION) 

DttPent  HX400  (green-brown) 


505-524-5687 

2.  manufacturer’s  name 
Du  Peart 


|4.  CHEMICAL  CLASS  5.  GENERIC  USE 

Liquid  Crystal  Polyiner  Oxygen  testing 


6  Check  CATEGORY  NHBB060.1  7.  TEST  REQUIRED  NHB8060.1 

□□□□□□□□a  □□□□□□□□□□□□□□□□□OH 

V  X  C  0  E  E  G  H  )  I  1  2  3  4  5  6  7  6  9  1 0  1  1  1  2  1 3  14  1 5  1 6  VCM  TQCHSPECUL 

8.  \L-ilCLE  9.  PART  number  &  SERIAL  NO.  '0.  PROJECT  11.  USE  TEMPERATURE 

N/A  N/A  Plastics  Turbo  N/A 

_ _J _  Pump-USftF  I _ 

12  '  ''  ATVCSPHERE/ FLU  1 0  13.  IGNITER  TYPE  TzT!  USE  PRESSURE  jl5.  USE  THICKNESS 

N/a"  N/A  N/A  ■  I  N/A 


3.  SPECIFICATION 

80  inech.  inp.  discs 

80  prem  ion.  rods  _ 


16.  INTENOEC  APPLICATION 

Test  material  for  oxygen  testing 


17.  QUANTITY  IN  habitable  AREA/hAZARDOL'S  FLUID/vACuUM 

N/A 


13  -RE  "IMP  19.  CURE  TEMPERATURE  20.  CURE  PRESSURE 

N/A  N/A  N/A 


21 .  "EST  AR-I CUE 

N/At. 

- 1 - 1 

22.  TEST  article  AREA 

N/A 

:25.  NL'MBER  ITEMS  TESTED 

N/A 

24.  NUMBER  ITEMS  TO  BE  FL0.VN 

N/A 

25.  ”rE5T  CHi‘.‘9£R 

VC  L  live 

N/A 

26.  'EST  chamber 

ATMOSPHERE 

N/A 

27.  TEST  Chamber  pressure 

N/A 

23.  TEST  Chamber  tem=eratlre 

N/A 

29.  TEST  chamber 
Duration 

N/A 

30.  CLEAN  l.\G  SPEC 

N/A 

31.  v.atl  code 

N/a 

32.  =>H0T0GRAPHI  C.  cc;.  ERAGE 

S  VIDEO  □  STILLS  □  NONE 

VHS-VCR 

33.  special  INSTRUCTIONS 


1.  Perform  mechanical  inpact  testing  per  NHB  8060. IB,  Test  13A. 

2.  Perform  autoignition  terperature  testing  in  GOX. 

3.  Perform  preanoted  combustion  testing  in  GOX  at  threshold  pressure  and  bum  rate. 
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SOTE  TO  TEST  FACILITY:  A  COPY  OF  THIS  REQUEST  SHOULD  ^E  RFTVRPiED  ^ITH  THE  TEST  REPOPT . 


OFFICE  USE  ONLY 


TEST  facility  I.D.  NiUMBEf 


Nav.E 


Harold  Beeson/Richard  Shelley 


ORGANI ZATION 

NftSA/LESC 


COORl^^ATOR 


:DR£3S  Boilding  200 
NASA/JSC/WSTF 

P.O.  Drawer  Las  Cruces,  NM  88004 


1  TY 


March  27,  1991 


phone 


505-524-5687 


CODE 


I,  MANLFAC’^'RER*  S  IDENTIFICATION 
(  I  (Em  DESCRI PTIOn) 

J^dar  RC210  (beige) 


2.  manufacturer’s  name 

Amsco 


3.  $=ECI FI  CATION 

80  mech.  inp.  discs 
80  pTcm  icm.  samples 


4.  chemical  class 


5.  GENERIC  USE 


Liquid  Crystal  Polymer  Oj^en  testing 


6.  CHEC^  CATEGORY  NH08O6O.1  17.  TEST  REQUIRED  NHBB060.  I 

□  □□□□□□□□  □□□□□□□□□□□□□□□□□□© 

A  5  C  D  E  F  G  H  J  1  2  3  i  5  5  7  S  910111213  14  15  16  VCM  TQCM  SPECl  AL 


3.  LrilCLE 

9.  PART  number  &  serial  NO. 

10.  PROJECT 

11.  USE  TEMPERATURE 

N/A 

N/A 

Plastics  Turbo 
Purao-USAF 

N/A 

i2.  lse  atvoS“H£re/ flu  I d 

N/A 


13.  IGNITE.R  TYP; 

N/A 


14.  USE  PRESSURE 

N/A 


10.  USE  Thickness 

N/A 


16.  INTENDED  APPLICATION 

Test  material  for  o^Qigen  testing 


17.  quantity  in  HAeiTASLE  AREA/hAZAROOU'S  FLU  I  D/ VACUUM 

N/A 


13.  CURE  ”lMt 

N/A 

19.  CURE  TEMPERATURE 

N/A 

20.  CURE  PRESSURE 

N/A 

■'n/A. 

22.  'ES^  article  AREA  | 

N/A 

23.  NUMBER  IFEMS  TESTED 

N/A 

24.  number  l^EMS  "0  3E  "tO/.N 

N/A 

25.  ”ES”  D-AV3ER 
VOL-ME 

N/A 

25.  TES”  CHAVo£i^ 
ATMOSPHERE 

1  N/A 

27.  ~E3T  Chamber  pressure 

N/A 

2o  •  TEST  Chav'BE-  T Em- E“  a t  _  V e 

N/A 

~ES^  C--*-^3ER  ! 

Dl-a-|;% 

N/A 

:30.  DLEam\g  S  =  EC  ■ 

N/A 

31.  mail  :::£ 

N/A 

32.  ■'HOTOGR  Ar  H  1  C. 

0  VIDEO  □  STILLS  □  NONE 

VHS-VCR  1  i 

S  =  E:iA.  :  nSTRlC"!  ONS 

1.  Perform  mechanical  iirpact  testing  per  NHB  8060. IB,  Test  13A. 


2.  Perform  autoignition  teitperature  testing  in  GOX. 

3.  Perform  prcraoted  cxsnbustion  testing  in  GOX  at  threshold  pressure  and  bum  rate- 
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Page  2 

WSTF  #  91-24845 
WSTF 


FROM 

Richard  Shelley, 
WSTF 

WSTF 


DATE  INSTRUCTIONS 


04/03/91  Perform  20  impacts  in  ambient  LOX  at 
72  ft-lb  regardless  of  the  number  of 
reactions  detected. 

The  samples  have  casting  marks  on  one 
side. 


Richard  Shelley, 

WSTF  04/10/91  Impact  the  unmarked  side. 

The  results  of  testing  will  be 
reported  in  a  Special  Test  Data 
Report  under  this  WSTF  Number. 


WSTF 


Page  2 

WSTF  #  91-24846 
WSTF 


AUTHORIZATIONS.  SPECIAL  INSTRUCTIONS.  AND  NOTES 


FROM 

DATE 

INSTRUCTIONS 

Richard  Shelley, 
WSTF 

04/02/91 

Perform  20  impacts  in  ambient  LOX  at 
72  ft-lb  regardless  of  the  number  of 
reactions  detected. 

WSTF 

-- 

The  samples  have  casting  marks  on  one 
side. 

Richard  Shelley, 
WSTF 

04/10/91 

Impact  the  unmarked  side.  Perform  an 
impact  on  a  blank  disc  after  every 
fifth  reaction  rather  than  after  each 
reaction. 

WSTF 

— 

The  results  of  testing  will  be 
reported  in  a  Special  Test  Data 

Report  under  this  WSTF  Number. 
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WSTF  #  91-24847 
WSTF 


FROM 

Richard 

Shelley, 

DATE 

INSTRUCTIONS 

WSTF 

04/03/91 

Perform  20  impacts  in  ambient  LOX  at 
72  ft-lb  regardless  of  the  number  of 
reactions  detected. 

WSTF 

Richard 

Shelley, 

-  - 

The  samples  have  casting  marks  on  one 
side. 

WSTF 

04/10/91 

Impact  the  unmarked  side.  Perform  an 
impact  on  a  blank  disc  after  every 
fifth  reaction  rather  than  after  each 
reaction. 

WSTF 

-- 

The  results  of  testing  will  be 
reported  in  a  Special  Test  Data 

Report  under  this  WSTF  Number. 

f 
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LIQUID  CRYSTAL  POLYMERS 


Liquid  Crystal  Polymers  (LCP)  are  rigid,  rod-like  polymers  that  exhibit  the 
behavior  of  liquid  crystals  in  the  melt.  The  chains  are  so  rigid  that  the 
interchain  entanglement  is  minimal,  and  thus  melts  have  a  low  viscosity. 

On  cooling,  the  rods  easily  orient  and  produce  a  self-reinforcing  polymer 
structure. 

Predominant  LCP  components  are  p-benzene  rings.  For  liquid  crystal 
polyesters,  the  basic  structural  units  are  derived  from  materials  such  as 
p-hydroxybenzoic  acid,  terephthalic  acid,  and  hydroquinone.  To  process  the 
polymer  more  easily,  some  methods  are  used  to  adjust  the  chain  chemistry. 
Vectra  (Celanese)  is  reported  to  be  based  on  p-hydroxybenzoic  acid  and 
hydroxynaphthoic  acid  monomers.  Xydar  is  based  on  terephthalic  acid, 
p-hydroxybenzoic  acid,  and  pp '-dihydroxybi phenyl . 

LCPs  have  high  continuous  use  and  heat  distortion  temperatures,  low-smoke 
emission,  low  coefficient  of  thermal  expansion,  low  water  absorption,  and 
excellent  mechanical  and  impact  properties. 

LCPs  are  noted  to  have  limiting  oxygen  index  values  in  the  35  to  50  range. 
They  generally  suffer  poor  abrasion  resistance. 

Specific  gravities  of  the  test  materials  are  given  in  the  following  table. 


Test  Materials'  S 

pacific  Gravities 

MATERIAL 

SPECIFIC  GRAVITY 

Vectra  A950 

1.39 

DuPont  HX400 

1.31 

Xydar  RC210 

1.57 
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General  Dynamics  Space  Systems  Division  (GDSS)  received  fifteen  (15)  Liquid  Crystal  Polymer 
molded  tensile  specimens  from  Phillips  Laboratory  for  liquid  hydrogen  testing. 

The  specimens  were  instrumented  by  GDSS  with  SK-13-125BB-350  axial  strain  gages  bonded 
back-to-back  with  M-Bond  600  adhesive  cured  for  two  hours  at  2(X)°F.  All  tensile  specimens 
except  the  DuPont  HX  4000  coupons  were  tabbed  with  2024-T3  aluminum  alloy  doublers  bonded 
using  EA  9330  paste  adhesive  cured  for  two  hours  at  180°F.  The  DuPont  HX  4000  tensile 
specimens  were  tested  in  the  as-received  condition. 

The  specimens  were  tested  on  the  20, 000  lb  capacity  MTS  servo-hydraulic  test  machine  at  a  cross¬ 
heat  travel  rate  of  0.05  inch  per  minute.  The  specimens  were  completely  immersed  in  liquid 
hydrogen  during  loading.  Load  and  strain  data  were  recorded  at  one  second  intervals  on  an 
Orion/Macintosh  Data  Acquisition  System  to  failure. 

Table  1  lists  the  individual  specimen  test  results  generated  on  this  program.  Figure  1  is  a  schematic 
of  the  molded  Liquid  Crystal  Polymer  tensile  specimen  used  in  this  program.  This  drawing  also 
indicates  the  regions  in  which  failure  occurred  as  reported  in  Table  1.  Figure  2  compares  the 
average  liquid  hydrogen  tensile  strength  and  modulus  generated  of  the  various  Liquid  Crystal 
Polymers.  There  was  a  large  scatter  in  the  tensile  strengths  generated  in  liquid  hydrogen.  This 
scatter  may  be  due  in  part  to  the  method  of  processing  (molding)  of  the  tensile  specimens.  Modulii 
values  showed  less  scatter  than  the  tensile  strengths  wiA  all  values  determined  between  1000  and 
3000  microstrain.  Failure  strain  was  determined  by  dividing  the  tensile  strength  by  modulus. 

The  ultimate  tensile  strength  of  the  XY  DAR  SRT-500  longitudinal  specimens  were  not  obtained. 
The  values  recorded  in  Table  1  and  the  values  plotted  in  Figure  2  were  based  on  the  maximum  load 
that  occurred.  Specimen  II  and  12  were  initially  tested  without  doublers.  II  slipped  at  an 
approximate  load  of  850  lb.  At  approximately  1 100  lb  the  outer  layer  of  Specimen  12  “peeled” 
from  the  specimen.  The  decision  was  made  to  tab  the  specimens  with  Aluminum  doublers.  The 
maximum  loads  were  obtained  using  doublers  but  failures  occurred  between  the  adhesive  and  the 
specimen. 

The  average  tensile  strength  and  modulus  of  the  Vectra  A950  system  was  62%  greater  in  the 
longitudinal  direction  than  in  the  transverse  direction.  The  modulus  generated  on  the  XY  DAR 
SRT  500  material  was  30%  stiffer  than  its  closest  competitor  RC-210  and  70%  ^eater  than  Vectra 
A950  Longitudinal  property.  The  average  tensile  strength  of  XY  DAR  is  at  a  minimum  18% 
higher  in  liquid  hydrogen  Aan  RC-210  and  45%  greater  than  DuPont  HX  4000. 

Plotted  in  Figures  3  through  17  are  the  stress-strain  curves  generated  for  the  various  Liquid  Crystal 
Polymer  systems.  Shown  in  Figures  3  and  4  are  the  stress-strain  charts  for  the  Vectra  A950 
transverse  specimens  FI  and  F2.  These  curves  show  a  divergence  of  the  strain  from  gages  located 
back-to-back.  Examination  of  these  specimens  shows  layered  material  which  may  be  of  different 
densities.  Specimen  F3  failed  prematurely  in  a  large  void  located  across  both  layers.  The  failures 
of  specimens  FI  and  F2  seem  to  have  started  in  one  of  the  layers  as  apposed  to  starting  at  an  edge. 

Figures  10, 11,  and  12  are  stress-strain  curves  of  the  Vectra  A950  longitudinal  tensile  specimens. 
AU  three  charts  indicate  a  “knee”  in  the  curve.  The  “knee”  is  more  pronounced  in  specimens  HI 
and  H2  than  H4.  The  failed  specimens  do  not  shed  any  light  as  to  fte  reason  for  this  abrupt 
change  in  stiffness. 
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Table  1.  Liquid  Hydrogen  Tensile  Test  Results  on  Liquid  Crystal  Polymers.  ^^PageTofll 
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Figure  2.  Comparison  of  the  Tensile  Strength  and  Modulus  for  the  Various  Liquid  Crystal  Polymers  Generated  in  Liquid  Hydrogen. 
Note  that  the  Tensile  Strength  for  XY  DAR  SRT  500  Shown  Is  Not  Ultimate  Strength  But  Maximum  Stress  Obtained. 
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Figure  3.  Vectra  A950  Transverse  Specimen  FI  Stress  -  Strain  Curve  Generated  in  Liquid  Hydrogen. 
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Figure  4.  Vectra  A950  Transverse  Specimen  F2  Stress  -  Strain  Curve  Generated  in  Liquid  Hydrogen. 
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Figure  5.  Vectra  A950  Transverse  Specimen  F3  Stress  -  Strain  Curve  Generated  in  Liquid  Hydrogen. 
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DuPont  HX  4000  Longitudinal  Specimen  G1  Stress  -  Strain  Curve  Generated  in  Liquid  Hydrogen. 
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DuPont  HX  4000  Longitudinal  Specimen  G3  Stress  -  Strain  Curve  Generated  in  Liquid  Hydrogen. 
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DuPont  HX  4000  Longitudinal  Specimen  G4  Stress  -  Strain  Curve  Generated  in  Liquid  Hydrogen. 
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Longitudinal  Specimen  HI  Stress  -  Strain  Curve  Generated  in  Liquid  Hydrogen. 
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Vectra  A950  Longitudinal  Specimen  H2  Stress  -  Strain  Curve  Generated  in  Liquid  Hydrogen. 
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Longitudinal  Specimen  H4  Stress  -  Strain  Curve  Generated  in  Liquid  Hydrogen. 
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Figure  14.  XYDAR  SRT  5i 
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Figure  15.  RC  210  Longitudinal  Specimen  J3  Stress  -  Strain  Curve  Generated  in  Liquid  Hydrogen. 
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Longitudinal  Specimen  J4  Stress  -  Strain  Curve  Generated  in  Liquid  Hydrogen. 
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0  Longitudinal  Specimen  J6  Stress  -  Strain  Curve  Generated  in  Liquid  Hydrogen. 


UES  AFOSR  Final  Report 


TENSILE  TESTING  OF  LIQUID  CRYSTAL  POLYMERS 


Tracy  Reed 
United  States  Air  Force 
26  August,  1990 


289 


I  would  like  to  thank  Dr.  John  Rusek  and 
Dr.  Shannon  Lieb  for  all  their  help  during 
my  time  at  the  Astonautics  Lab. 
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During  my  eight  weeks  working  at  the  Astronautics 
Laboratory  I  worked  on  two  projects.  Methods  for  Analysis  of 
Reactive  Surfaces  (MARS)  and  Advanced  Polymer  Components  (APC) . 
For  the  MARS  program  my  project  was  to  grow  ammonium 
perchlorate  (AP)  crystals,  and  for  APC  I  was  to  do  tensile 
testing  on  several  advanced  polymers.  I  also  used  the  ISP 
program  to  compute  the  theoretical  ISP's  of  rocket  propellants 
we  came  up  with. 

I  began  my  summer  by  checking  out  several  books  from 
the  Technical  Library  at  the  Astronautics  Laboratory.  I  learned 
all  I  could  about  crystal  structure,  growth,  and  methods  of 
growing  AP  crystals  from  these  books.  I  then  choose  the  method 
I  thought  to  be  the  most  suitable. 

The  last  time  AP  crystals  of  any  considerable  size  had 
been  grown  was  at  China  Lake  Naval  Weapons  Center  in  the  early 
seventies.  The  scientists  there  choose  the  temperature  control 
method  to  grow  the  crystals.  They  lowered  the  temperature  by 
one  tenth  of  a  degree  per  day  causing  the  water  that  the  AP  was 
dissolved  in  to  hold  less  AP.  The  extra  AP  that  the  water  could 
not  hold  grew  on  the  seed  crystals  suspended  in  the  solution. 
Lowering  the  temperature  at  this  rate  was  not  suitable  for  our 
purposes.  I  choose  the  evaporation  method  the  be  most  the 
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most  appropriate.  I  built  a  device  to  grow  the  crystals  in 
which  consisted  of  a  large  glass  container  with  a  seed  crystal 
mounted  in  it.  The  seed  crystal  was  glued  to  a  length  of  bent 
glass  that  held  the  crystal  securely  in  the  center  of  the 
solution.  The  container  had  a  lid  on  it  with  several  holes  in 
it  to  let  the  water  evaporate.  The  evaporation  of  the  water 
slowly  raises  the  concentration  of  the  AP  until  the  water  can 
no  longer  hold  it  all  and  the  excess  begins  forming  on  the  seed 
crystal  thereby  increasing  its  size. 

The  container  holds  two  liters  of  water  to  which  I 
added  about  four  hundred  grams  of  AP .  As  it  dissolved  in  the 
water  a  foam  began  to  collect  on  the  top.  I  eventually 
concluded  that  this  was  an  additive  in  the  AP ,  an  anti-caking 
agent.  I  spent  several  days  filtering  out  the  additive. 

I  then  set  up  the  experiment  one  morning  but  by 
that  afternoon  the  seed  crystal  had  dissolved.  The  next  morning 
hundreds  of  tiny  crystals  had  grown  in  the  bottom  of  the 
container.  This  proved  to  us  that  the  temperature  in  the 
laboratory  was  not  stable  enough  to  grow  crystals  in.  I  decided 
the  whole  experiment  needed  to  be  put  in  a  temperature  bath. 

The  temperature  controller  for  this  bath  has  been  ordered  and 
as  soon  as  it  gets  in  the  crystal  growth  experiment  will 
continue . 

I  also  worked  on  the  APC  project.  The  goal  was  to  put 
the  specimens  through  tensile  testing  under  various  conditions 
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and  compare  it  to  the  published  data  to  see  which  method  gave 
us  the  most  accurate  data.  The  specimens  are  to  be  tested  on 
the  50,000  pound  MTS  machine  at  the  Composites  Lab.  The 
specimens  to  be  tested  are  Ryton,  Vectra  C130,  and  Vectra  A625. 
A  test  matrix  was  created  that  included  all  the  conditions  we 
wanted  to  test  the  specimens  under,  such  as  dogboned  or 
rectangular.  I  cut  the  proper  number  of  dogbones  from  each 
material  as  specified  by  the  test  matrix.  Then  I  sanded  the 
ones  that  required  sanding.  The  specimens  were  cleaned,  load 
tabs  glued  on,  and  strain  gauges  put  in  place.  Then  the  leads 
were  soldered  to  the  strain  gauges.  The  actual  testing  of  the 
materials  began  shortly  after  I  left. 

I  also  worked  on  many  different  types  of  computers  and 
became  familiar  with  many  operating  systems  while  I  was  at  the 
Astronautics  Lab.  On  the  PC  I  used  the  ISP  computer  program  to 
do  theoretical  calculations  on  many  new  rocket  fuels  being 
thought  up  by  my  colleagues.  I  learned  how  to  input  the  data, 
analyze  the  output,  and  compare  these  against  the  standard 
Hydrogen  and  Oxygen  fuel  mixture. 

I  also  used  the  Vax  facility  at  the  AL  and  the  Cray  2 
at  Kirtland  AFB  to  assist  in  using  MOPAC  and  CADPAC.  We  used 
these  programs  to  come  up  with  an  accurate  model  of  AP  for 
MARS. 
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This  paper  will  highlight  the  work  being  performed  by  the  ACPO 
located  at  McClellan  AFB  and  the  AFAL  at  Edwards  AFB  .  We  will  briefly 
touch  on  three  main  areas:  the  use  of  LCPs  and  their  special  appeal  to  this 
project;  the  2X4  project;  and  finally  the  early  results  of  work  with  the  2X4 
prototypes. 

BACKGROUND 

In  September  1989,  an  informational  meeting  was  held  at  McClellan 
AFB  to  discuss  the  Advanced  Polymer  Composites  (APC)  project  under  the 
direction  of  the  Astronautics  Laboratory  in  February  1990.  A  co-operative 
effort  began  between  the  AFAL  and  the  ACPO  to  rapidly  build  a  number  of 
rocket  motor  and  rocket  engine  parts  using  a  new  type  of  plastic,  Liquid 
Crystal  Polymers  or  LCPs.  This  particular  material  had  not  been  used  in  this 
type  of  application  before.  The  AFAL  wanted  to  quickly  establish  an  Air 
Force-staffed  plastic  motor  program  and  came  to  the  ACPO  for  the  expertise 
needed  to  design  the  molds  and  develop  the  processes  to  produce  these 
motors.  By  May  of  1990,  the  timetable  was  set,  and  design  and  analysis  had 
begun.  Molds  were  built,  and  on  Aug  28,  1990,  less  than  6  months  from 
concept,  the  first  eleven  plastic  solid  rocket  motor  cases  were  fired.  Seven  of 
these  cases  survived  the  firings.  The  initial  success  of  this  project  has 
convinced  the  AFAL  to  continue  working  with  the  ACPO  in  this  area.  The  use 
of  plastic  case  designs  for  solid  rocket  motors  will  contribute  greatly  to  the 
ultimate  goal  of  a  low-cost  lightweight  interceptor. 

MATERIALS 

LCPs  have  a  number  of  intriguing  properties  that  could  prove  very 
beneficial  to  the  field  of  rocketry.  The  most  significant  of  these  are,  high 
strength,  resistance  to  extreme  temperatures,  and  ease  of  molding  highly 
detailed  parts.  We  will  discuss  the  origins  of  LCPs  ,  the  desirable  properties 
of  these  polymers,  and  the  LCPs  used  in  this  project. 

.  ^  % 

Figure  1  shows  a  typical  solid  rocket  motor  schematic.  The  various 
mechanical  parts  constitute  the  majority  of  the  total  weight  of  the  motor.  If 
this  total  weight  can  be  lowered,  through  the  use  of  new  engineering 
polymers  like  the  LCPs,  increased  payloads  or  smaller  rocket  sizes  may  be 
realized.  Beyond  decreasing  rocket  motor  weight  the  LCPs  may  also  lower 
manufacturing  costs,  as  various  parts  may  be  more  efficiently  manufactured 
by  the  use  of  injection  or  compression  molding.  For  the  purpose  of  this  paper 
we  will  be  primarily  concerned  with  the  motor  case,  though  other 
components  are  currently  under  development. 
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The  Carborundum  company  developed  the  early  LCPs  as  aromatic 
thermosetting  polyesters  based  on  a  para-oxybenzoic  acid.  The  resulting 
materials,  EKONOL*  resin  and  EKKCEL*  molding  compounds,  had  the  unique 
property  of  high  crystallinity  and  so  exhibited  two  times  the  modulus  of 
polyimides.  Although  the  melting  temperature  values  were  in  the  900  0  F- 
to-1000  0  F  range,  they  did  decompose  at  elevated  temperatures. 


Fig.  2  Lyotropic  polyester  Fig,  3  Thermotropic  polyesters 


A  new  generation  of  these  polymers  are  based  on  aromatic  polyesters 
of  p-hydroxybenzoic  acid  and  hydroxynapthaic  acid  monomer.  In  1965 
DuPont  introduced  KEVLAR*  aramid  fiber.  This  material  is  lyotropic  (Figure 
2)  or  solution  processible,  meaning  that  various  liquids  are  combined  and 


296 


subsequently  spun  out  as  fibers  (thermoset).  In  the  70's,  Celanese 
developed  a  thermotropic  or  melt  processible(thermoplastic)  naphthalene- 
based  material  which  was  commercialized  in  the  80’s  as  VECTRA*.  (Figure  3) 
In  the  80's,  the  Carborundum  process  was  licensed  to  Dartco.  Dartco 
developed  a  bisphenol-based  resin  line  named  XYDAR*.  The  trait  common  to 
all  of  these  materials  is  their  tendency  to  fiblirate  or  generate  fibers  on  their 
own. 


FIBER#  Fiber  Dia.  Area  load _ Stress 


1 

0.015 

1.767  X  lO’"^ 

315  LBS. 

1.78  X  10^  psi 

2 

0.012 

1.131  XlO"'^ 

272  LBS. 

2.41  X  10^  psi 

3 

0.008 

0.5027  X  lO*"^ 

403  LBS. 

8.02  X  10^  psi 

4 

0.015 

1.767  X  lO*"^ 

443  LBS. 

2.51  X  10^  psi 

5 

0.016 

2.010  X  lO*"^ 

415  LBS. 

2.06  X  10^  psi 

6 

0.012 

1.131  XlO'"^ 

442  LBS. 

4.00  X  10^  psi 

Average 

383  LBS. 

3.46  X  10^  psi 

Fiber  TTests 
Table  1 


Many  of  the  current  designs  for  rocket  motors  use  fiber  winding  in  one 
form  or  another  to  obtain  the  strengths  required.  A  test  was  run  on  several 
fibers  obtained  during  molding.  These  test  results  showed  fiber  strengths  of 
3,460,000  psi.  for  neat  "A-series"  VECTRA  resin.  (Table  1)  Because  of  the 
fiber  like  behavior  of  these  materials  and  the  strength  of  those  fibers,  the 
scientists  at  the  Astronautics  Laboratory  became  interested  in  the  use  of 
these  materials  to  develop  new  components  for  rocket  applications.  These 
component  applications  would  exploit  the  natural  fiberous  tendencies  of  the 
LCPs,  and  could  eventually  be  manufactured  so  that  the  fibers  would  form  to 
re-enforce  the  structure  as  it  is  molded.  This  interest  generated  the  APC  2X4 
project  that  required  the  manufacture  of  a  number  of  test  articles. 

The  materials  used  in  the  preparations  for  the  tests  covered  in  this 
paper  were  Hoechst  Celanese  VECTRA  A-625  a  carbon  flake  filled  or  loaded 
LCP,  VECTRA  C-130  a  glass  filled  or  loaded  LCP  and  a  glass  filled  RYTON 
(PPS)  or(polyphenylene-sulfide)  a  Phillips  material  compounded  by  Wilson- 
Fiberfil  Inc. 
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Fig.  4  2X4  Test  MOTOR  Case 


The  2X4  motor  for  testing  solid  propellants  was  suggested  as  one  of  the 
first  prototypes.  Currently  the  2X4  motor  cases  are  made  of  D6AC  steel  and 
are  individually  machined.  (Fig  4)  The  size  of  the  case  is  2"  inside  diameter 
and  is  4"  long,  thus  the  name  2  by  4  motor.  The  manageable  size  of  this  case, 
the  varied  fuel  types  possible,  and  the  fact  that  a  test  fixture  and  test 
program  were  already  in  place  for  the  2X4  made  it  an  ideal  candidate  for 
this  application. 

The  use  of  the  2X4  cases  presented  three  primary  design  problems  for 
mold  construction;  the  production  of  a  constant  diameter  cylinder, 
maintaining  a  uniform  wall  with  no  weld  lines,  and  removal  of  the  pa^t  after 
molding.  The  test  fixtures  for  the  2X4  motors  required  that  the  case  have  a 
2.50”  outside  diameter  for  the  high  pressure  case  (12000  psi)  and  2.25" 
outside  diameter  for  the  low  pressure  case  (2000  psi).  This  dimension  must 
be  held  on  each  end  to  provide  proper  sealing  during  testing  (see  Fig.  5). 

The  larger  diameter  fixture  was  chosen  to  allow  both  a  thin  and  thick  walled 
motor  cases  to  molded  and  tested.  Having  chosen  the  larger  case  meant  that 
the  2.50"  outside  diameter  must  be  held  over  the  length  of  the  part.  From 
past  experience  with  flow  analysis  of  cylindrical  parts,  it  is  known  that  the 
walls  should  fill  from  the  top  down  or  end-to-end  to  avoid  weld  lines. 

Plastics  tend  to  shrink  as  they  cool.  This  characteristic  will  cause  the  case  to 
shrink  tightly  onto  the  core,  so  some  means  of  removing  the  part  must  be 
provided. 
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Fig.  5  testRxture 


With  these  requirements  in  mind,  a  mold  was  designed  and  built.  The 
use  of  slides  allowed  the  exterior  wall  to  be  a  constant  diameter.  The  slides 
were  designed  to  operate  mechanically.  The  molding  machine  opens  the 
mold  with  a  horizontal  in-plane  motion.  To  provide  a  horizontal  out  of  plane 
motion,  an  angle  pin  is  mounted  in  the  stationary  half  of  the  mold,  a 
corresponding  angle  hole  is  located  in  the  slide  on  the  moving  half  of  the 
mold. (Figure  6)  As  the  mold  opens  the  pin  causes  the  slide  to  move  away 
from  the  part. 
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Keeping  the  part  on  the  center  line  of  the  mold  simplified  all  the 
molding  functions.  The  gating  is  a  combination  of  a  disk  and  sprue  gate.  The 
sprue  transports  the  plastic  to  the  center  line  of  the  part.  From  there  the 
plastic  is  pooled  and  turned  90  degrees  to  form  a  disk  (Figure  12).  This 
radial  flow  allows  the  plastic  to  flow  smoothly  and  uniformly  down  the  walls 
of  the  case.  After  molding,  the  case  is  machined  to  remove  this  disk  and 
sprue. 

For  removal  of  the  part  a  stripper  ring  was  designed  into  the  mold.  A 
stripper  ring  pushes  the  part  off  of  the  core  with  uniforni  pressure  to 
provided  positive  ejection  of  the  part.  However  even  with  a  stripper  ring, 
the  core  did  require  draft  in  order  to  minimize  the  movement  required  by 
the  stripper  ring  to  release  the  part  from  the  core. 


Mold  Closed  Mold  Moving  Mold  and  Slides 

Ophvt 


Fig.  6  Movement  of  the  Slides 
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FLOW  EFFECTS 


FLOW  OF  A  Side-Gated  part 
Fig.  7 


Fig.  10  Fig.  11 


The  previous  set  of  figures  describes  the  flow  through  the  part  based 
on  an  edge  gate  on  one  side  of  the  mold.  The  flow  must  separate  (Figure  7) 
and  flow  around  the  core  creating  a  weld  or  knit  line  on  the  opposite  side  of 
the  part.  Figures  7-11  describe  flow  from  an  edge  gate  that  will  create  weld 
or  knit  lines.  Weld  lines  or  knit  lines  are  typically  much  lower  in  strength 
than  the  parent  material.  For  this  reason  the  concept  of  a  side  gate  could  not 
be  considered,  and  a  combination  disk-sprue  gate  was  designed.  Figure  12 
describes  a  disk-gate  fill  pattern. 
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ROW  OF  A  Center  Gated  Part 
Fig.  12 


Fig.  13 


Fig.  15 


Fig.  14 


T 


4 


Fig.  16 


After  the  disk  is  initially  filled,  the  flow  develops  fully  around  the  core 
and  flows  evenly  down  the  walls  of  the  core,  producing  a  stronger  part.  This 
also  allows  molecular  orientation  as  well  as  fiber  orientation  longitudinally 
along  the  part.  This  orientation  does  not  provide  for  the  hoop  stress,  but  is 
far  superior  to  having  a  weld  line  that  would  seriously  lower  the  hoop 
strength.  By  comparing  the  two  sets  of  flows  in  Figures  7  &  12  one  can  see 
that  the  disk  gate  minimizes  the  opportunity  for  weld  lines  to  be  created. 
Figures  12-16  describe  flow  from  a  disk  gate  that  will  negate  weld  or  knit 
lines.. 
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PROCESSING 


Once  a  mold  for  the  2X4  motors  was  built,  an  injection  molding  process 
had  to  be  developed  using  current  commercial  data,  and  information  based 
on  previous  test  results.  The  resulting  molding  process  cycle  is  described 
below  and  follows  the  manufacturers  recommendations. 


CENnMETERS  OF  SCREW 
MOVEMENT  (SHOT  SIZE) 


Fig.  17  FILL  PROFILE  FOR  BOTH  VECTRA  MATEBUALS 

Figure  17  is  the  set-up  profile  for  the  molding  machine  at  Hill  AFB 
used  to  mold  the  2X4  cases  used  in  this  project. 


NOZZLE  FRONT  INTERMIDIATE  FEED 

ZONES 


Fig.  18  VECTRA  A-625  MOLDING  TEMPERATURES 
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605  9f  605  9f  605  605  9f  600 


ZONES 

Fig.  19  VECTRA  C-130  MOLDING  TEMPERATURES 


THE  RESULTS 

Compared  with  typical  injection  molding  runs,  a  relatively  small 
number  of  articles  (approx.  50  of  each  material)  were  produced  .  For  this 
reason  a  fully  developed  process  may  not  have  been  achieved.  This  may 
have  resulted  in  the  production  of  articles  with  less  strength  than  was 
mathematically  predicted.  In  spite  of  this,  the  results  remain  quite 
impressive  for  a  thermoplastic.  Eleven  motors  were  tested,  of  which  seven 
survived  the  testing  relatively  undamaged.  Pressures  up  to  1018  psi  «and 
temperatures  of  up  to  2,000  degrees  F.  were  contained  during  tests.  The 
articles  tested  were  molded  of  VECTRA  A-625,  VECTRA  C-130,  and  RYTON. 
Preliminary  tests  were  run  for  compatibility  with  the  solid  fuels  and  they 
were  found  to  bond  very  well  to  the  plastic,  with  no  degradation  of  the 
plastic  after  bonding.  These  results  make  the  use  of  plastic  motor  cases 
appear  quite  promising. 
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Fig.  20  Comparison  of  Steel  and  Plastic  Cases 


The  Figure  20  shows  four  of  the  2X4  motor  cases.  On  the  left  is  a 
standard  2X4  metal  case,  immediately  to  the  right  is  a  VECTRA  C-130  case, 
followed  by  a  VECTRA  A-625,  and  finally  one  that  was  machined  from  a 
solid  piece  of  CELAZOLE.  This  last  case  is  made  of  a  material  that  is  a 
lyotrope  version  of  LCPs  and  mentioned  previously.  The  wall  thickness  of 
this  last  motor  is  1/4",  as  compared  to  1/8"  walls  for  the  injection  molded 
versions. 


Fig.  21  POST  FIRED  Plastic  Cases 
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As  you  can  see  in  Figure  21  the  post  fired  cases  display  little  or  no 
damage  from  the  burning  fuel.  A  char  layer  has  been  generated  and  acts  as 
an  insulator  for  the  material.  Table  2  reports  the  results  of  the  first  eleven 
motors  tested. 


FIRING 

CASE 

PEAK 

AVERAGI 

1  CASE/PROPELLANT 

NUMBER 

MATERIAL 

PRES. 

PRES. 

DUTLATION 

BOND 

COMMENTS 

• 

(psi) 

(psi) 

(SEC.) 

PROMOTER 

1 

VECTRA  C-130 

961 

864 

1.446 

N-lOO 

2 

VECTRA  C-130 

1278 

.070 

NONE 

FAILED  ON 
IGNITION 

3 

VECTRA  C-130 

1018 

990 

1.376 

NONE 

4 

VECTRA  C-130 

1303 

.059 

N-lOO 

FAILED  ON 
IGNITION 

5 

VECTRA  A-625 

966 

FAILED  ON 
IGNITION 

6 

VECTRA  A-625 

1019 

FAILED  ON 
IGNITION 

7 

VECTRA  A-625 

862 

818 

1.436 

NONE 

8 

VECTRA  A-625 

913 

876 

1.419 

NONE 

9 

RYTON 

316 

269 

2.346 

NONE 

10 

RYTON 

753 

727 

1.578 

N-lOO 

11 

RYTON 

745 

713 

1.605 

NONE 

Test  Firing  Results 
TABLE  2 

Results  of  these  early  tests  shows  success,  seven  of  the  eleven  tested 
cases  did  well  with  pressures  up  to  1018  psi.  The  other  four  clearly  did  not 
meet  the  expectations  of  the  initial  designs.  From  the  published  values  for 
tensile  strengths  of  these  materials,  the  expected  pressures  would  be  about 
twice  as  high  as  these.  The  heat  generated  during  the  tests  proved  to  have 
little  effect  on  the  performance.  This  assumption  is  based  on  the  video 
taped  results  of  the  test  firings.  When  one  of  the  motors  burned  through  the 
side  wall,  the  case  continued  to  support  the  heavy  steel  portion  of  the  test 
fixture  that  contains  the  nozzle.(top  of  Figure  5)  We  now  believe  that  for 
this  application  the  process  dependency  of  the  material  is  much  more 
significant  than  first  assumed.  With  subsequent  runs  the  process  should  be 
refined  and  predicted  design  results  should  be  obtained.  The  materials  run 
to  date  have  been  limited  to  the  Celanese  VECTRA  resins  but  Amoco  XYDAR 
resins  have  been  obtained  and  will  soon  be  added  to  the  test  results. 
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wiNGTip  Stores  locations 


Fig.  22  F-16  Stores  locations 

With  the  initial  results  available  at  this  time,  the  project  is  continuing 
to  move  toward  the  ambitious  goal  of  developing  an  air-to-air  missile  case  or 
a  short  range  motor  similar  to  that  on  the  AIM-9L  side  winder.  This  missile 
is  typically  carried  on  a  wing  tip  of  a  F-16,  and  can  experience  temperatures 
from  -45  F  to  145  F  as  well  as  loads  up  to  35  Gs.  There  is  currently  a 
cooperative  project  with  the  Air  Force  Institute  of  Technology  at  Wright 
Patterson  AFB  directed  by  the  AFAL.  The  goal  of  this  project  is  to  design  a 
short  range  air-to-air  motor  case  using  LCP  materials  that  can  be  mounted 
on  the  F-16  wing  tip  location.(Figure  22) 

CONCLUSION 

Liquid  Crystal  Polymers  graphically  displayed  that  they  can  take  the 
heat  of  a  small  solid  fuel  motor  during  limited  operation.  This  capability  is 
critical  to  the  success  of  any  iapplication  associated  with  a  solid  rocket  motor. 
The  LCPs  have  shown  that  strong  fibers  can  be  formed  when  drawn.  The  test 
results  in  Table  1  show  that  there  is  the  possibility  of  obtaining  high 
strength  fibers  under  the  right  conditions.  The  LCPs  proved  that  they  ^^an  be 
molded  easily,  although  the  process  must  be  well  controlled  to  get  the 
ultimate  strength  from  material. 

The  work  presented  in  this  paper  would  not  have  been  possible 
without  the  help  and  support  of  the  following  people: 

Richard  Griffen  Doug  Bennit,  Hill  AFB;  John  Rusek,  J.  Shelley,  James  Chew 
AFAL  Edwards  AFB;  The  Air  Force  Advanced  Composites  Program  Office 
McClellan  AFB;  and  Deborah  Frank 

This  paper  could  not  have  been  completed  without  their  efforts. 
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Memo  For  Record 


27  February  1991 


APC  Report:  Hybrid  Nozzle  Demonstrator  (HND) 


1.  Test  firings  were  accomplished  during  the  week  of  August  28, 
1990  with  the  HND  outfitted  with  a  copper  nozzle.  The  nozzle  was 
instrumented  with  five  thermocouples.  The  tests  were  analyzed  to 
determine  the  convection  heat  transfer  coefficient,  h.,  and  the 

o 

throat  wall  temperature,  T^.  Since  is  directly  related  to 

the  temperature  of  the  gas  in  the  chamber,  Tg  ,  the  chamber  gas 
temperature  had  to  be  established.  The  determination  of  came 
from  applications  of  ISP,  a  thermochemical  computer  program 
obtained  from  Curt  Selph.  Numerous  mixture  weight  iterations 
were  used  to  understand  how  Tg  varied  as  a  function  of  the 
mixture  weight.  It  was  observed  that  the  chamber  gas  temperature 
settles  to  approximately  1500  deg  R  over  a  six  degree  order  of 
magnitude  change  in  the  mixture  ratio.  Therefore,  it  was  assumed 
that  Tg  was  known  with  a  value  of  approximately  1500  deg  R.  The 
convection  coefficient,  hg,  was  calculated  using  a  laminar 
boundary  layer  correlation,  which  produced  a  value  of 
approximately  200  Btu/f t ^ 2*sec^deg  F.  The  correlation  was 
developed  by  Schoenman  and  Block  of  Aerojet  Corp, ,  Sacramento, 
CA,  in  AIAA  report  67*-447,  1967.  A  Lotus  123  spreadsheet  was 

written  by  Bernard  Bornhorst  that  used  the  two  above  numbers 
(i.e,  1500  and  200)  to  produce  a  model  of  the  thermal 
environment.  Graphical  output  shows  a  correlation  between  the 
experimental  data  and  the  model  with  a  Tg  of  1400  deg  R  (see 
figure  #1).  The  discrepancy  between  temperatures  values  of  1400 
and  1500  deg  R  for  Tg  as  was  expected  comes  from  the  fact  that 
the  thermocouple  was  not  reading  the  throat  wall  temperature. 
The  thermocouple  was  reading  a  temperature  value  inside  of  the 
copper  nozzle,  which  has  a  temperature  lag  of  around  100  deg  R 
from  the  gas  temperature.  It  can,  however,  be  seen  in  figure  one 
that  the  curves  of  the  experimental  data  and  the  T.  of  both  1500 

5 

and  1400  deg  R  lie  within  the  same  family  of  curves. 

2.  Currently,  further  HND  testing  has  been  delayed  to  obtain 
new  fuel  grain  material.  The  acrylic  used  in  the  August  firings 
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tended  to  bubble  as  the  combustion  occurred.  The  acrylic  rod 
used  was  extruded.  A  cast  acrylic  rod  has  been  ordered  to 
investigate  if  it  bubbles  during  the  combustion  cycle.  The  prime 
important  of  stopping  the  bubbling  effect  is  to  decrease  the 
amount  of  acrylic  that  goes  unburned  and  adheres  to  the  nozzle. 
It  is  believed  that  the  cast  acrylic  will  not  coat  the  nozzle  in 
the  same  fashion.  However,  it  will  have  to  be  tested  to  be 
certain . 

3.  The  LCP  nozzles  have  been  injected  molded  at  Hill  AFB ,  Utah. 
The  polymers  that  were  injected  were:  Vectra  A950,  HX-4000,  XYDAR 
SET  300  and  XYDAR  SRT  500.  These  injected  nozzles  will  be 
subjected  to  testing  after  the  properties  of  the  cast  acrylic  rod 
are  determined.  The  main  thrust  of  the  testing  schedule  will  be 
to  establish  the  erosion  properties  of  the  polymers  as  a  function 
of  time.  Annealing  tests  have  also  been  added  to  the  test 
matrix.  The  specifics  behind  the  annealing  testing  have  not  been 
established  as  of  yet,  however.  The  prime  factor  in  the  tests 
will  obviously  be  not  to  exceed  the  melting  temperature  of  the 
materials  with  oven  times  as  long  as  possible. 


Eric  E.  Schmidt 

Hybrid  Nozzle  Demonstrator  Task  Manager 
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FIGURE; 


Memo  for  Record 

Subject:  Test  Data  from  the  Firings  of  Two  Stainless  Steel  and  Two 

Liquid  Crystal  Polymer  Case  Motors 

For  your  information  the  temperature  and  pressure  measurements  from 
firing  four  2x4  motors  are  sent  to  you.  The  experimental  procedure  did 
not  work  out  completely  as  planned,  but  some  of  the  measurements  may  be 
useful.  Two  of  the  motors  which  were  fired  had  stainless  steel  cases, 
and  two  had  liquid  crystal  polymer  cases.  Figure  1  is  a  drawing  showing 
the  test  motor  configuration.  Parameters  specific  for  each  motor  are 
given  in  Table  1. 

The  measurements  of  the  chamber  pressure  and  outside  wall  temperature  of 
the  case  are  attached.  In  addition  the  results  of  a  program  called  pP 
which  estimates  things  such  as  chamber  temperature,  chamber  gas  density, 
choked  throat  gas  velocity,  etc.  for  the  solid  propellant  used  in  these 
motors  is  also  included. 

The  next  two  paragraphs  contain  a  synopsis  of  what  occurred  during  the 
firing  of  each  motor  to  make  the  attached  results  more  understandable. 

The  first  stainless  steel  cased  motor  was  fired  at  a  nomiMl  200  psi  for 
15  seconds  while  the  second  motor  was  fired  at  nominal  400  psi  for  12 
seconds.  During  the  firing  as  the  outside  of  the  wall  became  hot,  the 
thermocouples  began  to  become  unglued,  the  contact  between  the 
thermocouple  and  the  case  became  poorer,  and  the  thermocouple  measured  a 
lower  tera^rature  than  was  actual.  Only  the  thermocouple  TCI,  shown  on 
Figure  1,  on  the  motor  fired  nominally  at  200  psi  for  15  seconds 
remained  well  bonded  for  the  whole  test.  By  careful  examination  of  the 
temperature  ramp,  it  may  be  possible  to  see  the  temperature  where  the 
other  thermocouples  began  to  lose  contact.  Sorry  the  results  aren  t 
more  accurate. 

Both  of  the  Vectra  case  motors  burst  before  the  grain  burned  out  The 
thermocouples  on  the  Vectra  cases  were  bonded  with  better  contact  to  the 
case  outer  wall  than  they  had  been  on  the  stainless  steel  cases. 
Temperature  measurements  on  the  Vectra  cases  should  be  relatively 
accurate  with  good  case  to  thermocouple  contact  before  the  case  burst. 
The  char  depth  and  char  heat  of  reaction  and  their  affect  on  the  wall 
temperature  distribution  is  unknown  as  yet.  Further  testing  is  underway 
to  measure  the  char  characteristics  on  Vectra  A950,  a  neat  resin. 

For  more  information  contact  Capt  Andrew  Kenny,  DSN  255-5296,  Fax:  DSN 
255-5527. 


cc:  RKBR  (John  Rusek) 
Chris  Frank 
Major  Robinson 
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Motor 

Case 

Port 

Throat 

End 

Wall 

Approx, 

Approx. 

Label 

Material 

Dia* 

Dia. 

Depth 

Thickness 

Pressure 

Burn  Time 

(in) 

(in) 

(in) 

(in) 

(psi) 

(sec) 

41 

347  SS 

.5 

.147 

.32 

.125 

200 

15 

42 

347  SS 

1.23 

.100 

.25 

.125 

380 

12 

21306 

A  625 

.5 

.147 

1.6 

.121 

320 

3 

21304 

C  130 

.5 

.165 

1.6 

.121 

210 

4.6 

Table  ] 

L.  First 

Test  Phase 

Motor 

Parameters 
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FIGURE  6.  THERMOCOUPLE  PLACEMENT  AND  GRAIN  DIMENSIONS  ON  2x4  MOTORS 
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1 


o 


TEST  IDENTIFICATION 


2X4EB  RUN#12367  41S1 
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_ TEST  IDENTIFICATION  =  2X4EB  RL/*N#1237Q  21304 

pressure.  \/c.cfre.  C/:?o 
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TIME  (SEC) 
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5.  200 
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DATE  (M/D/ 


TEST  IDENTIFICATION  =  2X4E3  RUrT:-t.^2370  21304 


-J 

re  Do"t>- 

TIME  (SEC) 

PCI 

PC2 

IFCl 

IFC2 

215.2021 

216. 5859 

508.  3550 

516.5422 

5.  600 

215.  4757 

216. 9957 

551. 4226 

559.  9004 

5.  800 

215.  4757 

216.  8591 

594.  5173 

603.  2859 

\ 

6.  000 

214. 1077 

215.  3566 

637. 4763 

646.  5076 

6.  200 

215.  7493 

216.  9957 

680.  4619 

689.  7427 

'\ 

6.  400 
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218.  0884 

723.  6939 

733.  2510 
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217.  3909 
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767.  0893 
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The  ASTRONAUTICS  LABORATORY  Theoretical  ISP  Program 
Micro  Version  by  Beckman  &  Acree  Revision:  5/89 


PA 

16:16:23  22-Ja 


PROPELLANT 

R-45M 

DOZ 

AL 

AP 

DDI 


HF  DENSITY 

-2.9700  .9000 

-246.0000  .9100 

.0000  2.7000 

-70.6900  1.9500 

-206.3000  1.1010 


WEIGHT 

9.5300 

2.0000 

3.0100 

83.2100 

2.2500 


MOLES 

VOLUME 

.0952 

10.5889 

.0048 

2.1978 

.1116 

1.1148 

.7082 

42.6718 

.0040 

2.0436 

GRAM  ATOMS  /  100  GRAMS 

AL  .1116  C  .9649  CL  .7082  H  4.3701  N 


.7163 


0  2.8659 


ENTHALPY  =  -52.37376  DENSITY  -1.706 

CSTAR  (FT/SEC) =  5025.422 


PRESSURE  (PSIA) 

EPSILON 

ISP 

ISP  (VACUUM) 
TEMPERATURE (K) 
MOLECULAR  WEIGHT 
MOLES  GAS/IOOG 
CF 

PEAE/M  (SECONDS) 
GAMMA 

HEAT  CAP  (CAL) 
ENTROPY  (CAL) 
ENTHALPY  (KCAL) 
DENSITY  (G/CC) 
ITERATIONS 

MOLES/ 100  GRAMS 

ALCL 

ALCLO 


CHAMBER 

THR (SHIFT) 

200.000 

115.077 

.000000 

1.00000 

.000000 

103.217 

.000000 

193.091 

2933.25 

2742.72 

25.3726 

25.5620 

3.94125 

3.91205 

.000000 

.660818 

.000000 

89.8746 

1.21120 

1.21120 

44.9163 

44.5842 

252.072 

•  252.072 

-52.3740 

-64.6127 

14346E-02 

.88938E-03 

22 

20 

.00047 

.00021 

.00120 

.00058 

EXH (SHIFT) 

EXH (SHIFT) 

14.6960 

.299347 

2.84119 

49.9999 

209.008 

285.980 

241.617 

297.669 

2039.31 

1001.14 

25.8687 

25.8921 

3.86568 

3.86218 

1.33812 

1.83091 

32.6098 

11.6894 

1.22322 

1.26324 

42.0974 

36.8319 

252.072 

252.072 

-102.558 

-146.326 

.15459E-03 

. 64200E-05 

47 

91 

.00000 

.00000 

.00000 

.00000 
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The  ASTRONAUTICS  LABORATORY  Theoret 
Micro  Version  by  Beckman  &  Acree 

PROPELLANT  HF  DENSITY 

R-45M  -2.9700  .9000 

DOZ  -246.0000  .9100 

AL  .0000  2.7000 

AP  -70.6900  1.9500 

DDI  -206.3000  1.1010 

GRAM  ATOMS  /  100  GRAMS 

AL  .1116  C  .9649  CL  .7082  H  4 


cal  ISP  Program  PA 

Revision:  5/89  16:16:23  22-Ja 


WEIGHT 

MOLES 

VOLUME 

9.5300 

.0952 

10.5889 

2.0000 

.0048 

2.1978 

3.0100 

.1116 

1.1148 

83.2100 

.7082 

42.6718 

2.2500 

.0040 

2.0436 

3701  N  .7163 

0  2.8659 

ENTHALPY  =  -52.37376  DENSITY  =1.706 

CSTAR  (FT/SEC) =  5039.064 

CHAMBER  THR (SHIFT)  EXH (SHIFT)  EXH (SHIFT) 
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PRESSURE  (PSIA) 

400.000 

228.816 

14.6960 

.594423 

EPSILON 

.000000 

1.00000 

4.55440 

49.9997 

ISP 

.000000 

104.168 

229.644 

286.215 

ISP  (VACUUM) 

.000000 

193.762 

255.851 

297.852 

TEMPERATURE (K) 

2973.59 

2767.28 

1802.10 

997.495 

MOLECULAR  WEIGHT 

25.4709 

25.6353 

25.8881 

25.8917 

MOLES  GAS/IOOG 

3.92604 

3.90087 

3.86279 

3.86224 

CF 

.000000 

.665101 

1.46625 

1.82746 

PEAE/M  (SECONDS) 

.000000 

89.5947 

26.2075 

11.6375 

GAMMA 

1.20985 

1.21023 

1.22886 

1.26345 

HEAT  CAP  (CAL) 

44.9818 

44.6265 

41.2177 

36.8086 

ENTROPY  (CAL) 

246.655 

246.655 

246.655 

246.654 

ENTHALPY  (KCAL) 

-52.3733 

-64.8386 

-112.956 

-146.480 

DENSITY  (G/CC) 

.28412E-02 

.17578E-02 

.17507E-03 

.12795E-04 

ITERATIONS 

7 

19 

29 

28 

MOLES /I 00  GRAMS 

ALCL 

.00041 

.00017 

.00000 

.00000 

ALCLO 

.00104 

.00048 

.00000 

.00000 

ALCL2 

.00035 

.00017 

.00000 

.00000 

ALCL3 

.00016 

.00011 

.00000 

.00000 

ALHO 

.00006  ' 

.00002 

.00000 

.00000 

ALH02 

.00067 

.00027 

.00000 

.00000 

ALO 

.00002 

.00000 

.00000 

.00000 

CCLO 

.00002 

.00001 

.00000 

.00000 

CHO 

.00001 

.00001 

.00000 

.00000 

CO 

.66568 

.65134 

.56561 

.31164 

C02 

.29919 

.31357 

.39929 

.65327 

CL 

.03809 

.02602 

.00055 

.00000 

CLH 

.66716 

.68092 

.70769 

.70824 

CLHO 

.00005 

.00002 

.00000 

.00000 

CLO 

.00005- 

.00002 

.00000 

.00000 

CL2 

.00012 

.00007 

.00000 

.00000 

H 

.03593 

.02369 

.00050 

.00000 

HO 

.03884 

.02160 

.00009 

.00000 
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H02 

.00001 

.00000 

.00000 

.00000 

H2 

.42727 

.42694 

.49658 

.75050 

H20 

1.38639 

1.39485 

1.33431 

1.08041 

H3N 

.00001 

.00001 

.00000 

.00000 

NO 

.00359 

.00170 

.00000 

.00000 

N2 

.35636 

.35731 

.35816 

.35816 

0 

.00198 

.00075 

.00000 

.00000 

02 

.00258 

.00099 

.00000 

.00000 

AL203  (7LLPHA) 

.00000 

.00000 

.05578 

.05578 
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Further  Testing  of  Vectra  2x4  Motor  Cases 

Earlier  firings  of  2x4  motors  demonstrated  the  ooncept  of  using  advanced 
polymer  cases.  Several  maximum  pressure  /  burn  time  combinations  were 
determined.  By  building  upon  the  data  gained  from  these  earlier  tests,  new  tests 
to  get  quantitative  estimates  on  char  rates,  heat  transfer  parameters,  and 
practical  working  temperatures  will  be  made.  The  test  results  will  be  analyzed 
and  put  in  a  short  report. 

New  cases  have  been  made  with  twice  the  old  wall  thickness.  The  first  few 
new  firings  will  be  made  with  motors  with  stainless  steel  cases  and  cast  with 
end  burning  grains  and  instrumented  with  thermocouples  as  well  as  the  usual 
pressure  transducer.  The  thermocouple  readings  will  be  used  in  conjuntion 
with  ISP  program  generated  hot  chamber  gas  properties  to  verify  the  calculated 
thermal  gradient  in  the  wall  of  the  steel  and  Vectra  cases.  The  gradient 
calculations  will  be  done  with  a  simple  1-D  computer  program.  Figure  1  is  an 
example. 

Table  1  shows  what  the  significant  stresses  are  throughout  the  standard  thin 
walled  case  and  pressures  at  which  it  failed  in  the  previous  radial  and  end 
burning  tests.  Table  2  shows  similar  information  for  the  new  thick  walled  cases, 
though  both  tables  are  of  limited  utility  because  they  are  based  on  the 
assumption  that  the  whole  case  wall  has  the  same  modulus,  I.e.  is  at  the  same 
temperature.  Putting  it  all  together,  safe  firing  pressure/time  combinations  will 
be  estimated  from  the  thermocouple  measurements,  ISP  program  information, 
and  the  previous  work  where  several  cases  ruptured  at  times  and  ternperatures 
which  were  measured. 

It  will  be  attempted  to  set  the  grain  dimensions  so  that  It  will  be  possible  to 
measure  ablation  and  char  versus  heat  transfer  rate  while  holding  the  average 
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axial  gas  velocity  approximately  constant.  Similarly  the  ablation  and  char  rate 
could  be  measured  versus  axial  gas  velocity  while  holding  the  heat  transfer  rate 
constant.  Ablation  and  char  depth  will  also  be  correlated  with  burn  time.  Figures 
2  thru  5  illustrate  the  correlations  which  hopefully  will  be  possible,  although  the 
plot  shapes  are  unknown  as  yet  and  just  sketched  for  illustrative  purposes. 

Table  3  shows  for  the  new  thick  wall  2x4  cases  all  the  possible  pressure, 
temperature,  and  velocity  combinations  with  the  available  2x4  nozzle  throat 
diameters  and  possible  range  in  burning  surface  area.  Table  4  shows  similar 
information  for  the  standard  thin  wall  motor  case.  Table  5  in  conjunction  with 
Figure  6  shows  the  salient  motor  characterstics  for  the  first  phase  of  testing.  Hg 
in  these  tables  stands  for  the  relative  heat  transfer  coefficient,  but  at  this  stage  it 
is  only  possible  to  estimate  it  in  relative  terms  based  upon  convection  as  in 
Equation  1. 

.A  .0.  ^ 

Hg(2)=Hg(1)  *  {K(2)/K(1)}  *{D(1)/D(2)}  *{U(1)/U{2)}  ‘{V(2)/V(1)}  *{P(2)/P(1)} 
*{Cp(2)/Cp(1)}^EQN  1 

Hg{2)=  relative  change  from  Hg(1)  based  upon: 

K(1)  and  K(2)--gas  conductivity  in  first  and  second  cases 
D(1)  and  D(2)--chamber  diameter  which  is  same  in  both  cases 
U{1)  and  U(2)--gas  viscosity  in  first  and  second  cases 
V{1)  and  V{2)--average  gas  velocity  in  first  and  second  cases 
P(1)  and  P(2)”  chamber  pressures  in  first  and  second  cases 
Cp(1)  and  Cp(2)--gas  heat  capacity  in  first  and  second  cases 
Comparing  Equation  1  with  Tables  2  and  3  it  is  evident  that  the  only  ways  to 
significantly  change  the  convective  heat  transfer  affecting  the  2x4  cases  are  by 
varying  axial  velocity  and  chamber  pressure  via  the  throat  diameter  and  burning 
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surface  area.  A  more  accurate  value  of  this  number  would  include  the  effects  of 
radiation  and  conduction.  These  effects  will  be  better  known  after  the  first  phase 
of  testing  and  used  in  setting  the  grain  dimensions  of  the  motors  to  be  fired  in 
the  second  phase. 

Attatchment  1  at  the  end  of  this  package  shows  the  procedure  to  bo  used. 
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(d»)  aHnivnadwai 


Figure  t.  Computer  Code  Generates  the  Same  Time  Transient 
Temperature  Gradients  as  Sutton  example. 

Half  Inch  Wall,  hg  =  500  Btu/hr-ft-F  ‘ 


char 

depth 


Heat  Transfer  Coefficient 

Rgure  2.  Char  Depth/ Ablation  Depth  Vs  Heat  input  Rate 


Average  Axial  Velocity 

Figure  3.  Ablation  and  Char  vs  Velocity  for  two  Burn  Times. 


Figure  4.  Ablation  and  Char  Depth  Vs  Burn  Time  at  Constant  Hg 


Burn  Time 

Rgure  5.  Char  Depth/  Ablation  Depth  Vs  Time  at  Constant  Velocity 
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1.25"  n  ,  TC2&TC3  CLEAR  INHIBITOR 
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2X4STD.XLS 


B  I  C  I  P  I  E  _  _ _ F - G - 

-  I  TABLE  1  I _ J _ 

PRESSURE  VS  STRESS  IN  STANDARD  THICKNESS  2X4  CASES 


1.123  is  l.RJa) 


1.2441  is  O.R.  (b) 


0.121 1  is  thickness  (1) 


6  PRESSURE 


S-TAN-a  S-TAN-b  S-RAD-a  S-RAD-b 

i) _ (M. 


900|. 

1,000 

JLiW] 

1.400 

1,600 

1,800 

2,000 

2,200 

2,4001 

2.600| 

2,800 

3.000 


13,729 

15,690 

17,652 

19,613 

21,5741 

23,536 

25,497 

27,458 

29,420 


12,329 

14,090 

15,852 

17,613 

19,374 

21,136 

22,897 

24,658 

26,420 


Wm 

f,26or 

1.400 
1,600 
1,800 
2,000 
2,200 

2.400 
-2,600 
-2,800 
-3,000 


6!484[ 

7,565 

8,645 

9,726 

10,807 

11,8871 

12.968! 

14,049 

15,129 

16,210 


1.321 


1.541 


1.761 


2,202 


2.642 


3,082 


3,523 


3,963j|_ 

Wii 

6,165 

7,045 

7,926 

8.807 

9,687 

10,568 

11,449 

12,329 

13,210 


.  OUTLINED  FIGURES  SHOW  MAXIMUM  PRESSURE  AND  CASES  STRESSES 
WITHSTOOD  BY  VECTRA  A625  AFTER  10  SECONDS  EXPOSURE  TO  HEAT  AT  200  PSj, 
AND  AFTER  2  SECONDS  AT  1 000  PSI. _ 

PRESSURE  =  INTERNAL  CHAMBER  PRESSURE _ 

S-TAN-a  =  HOOP  STRESS  AT  INSIDE  WALL _ 


S-TAN-b  =  HOOP  STRESS  AT  OUTSIDE  WALL  J _ 

S-RAD-a  =  RADIAL  COMPRESSIVE  STRESS  AT  INSIDE  WALL_ 

S-RAD-b  =  RADIAL  STRESS  AT  OUTSIDE  WALL _ 

T-a  =SHFAR  STRESS  AT  INSIDE  WALL  I _ 


T-b  =  -SHFAR  STRESS  AT  OUTSIDE  WALL 


2X4STRS.XLS 


D 


TABLE  2  _ 


PRESSURE  VS  STRESS  IN  MODIFIED  THICK  2X4  CASES 


0.25  is  thickness  (t 


PRESSURE 


S-TAN-b 


1,586 


1,813 


2,266 


2,719 


3,172 


3,625 


4,079 


4,5321 


7,251 


8,157 


3,179 


3,532 


0 

968 

618 

0 

1,106 

706 

0 

0 

0 

0 

2,213 

■■kiS 

0 

2,600 


2,800 


13,596 


-3,000 


I ESI 


PRESSURE  =  INTERNAL  CHAMBER  PRESSURE 


S-TAN-a  =  HOOP  STRESS  AT  INSIDE  WALL 


S-TAN-b  =  HOOP  STRESS  AT  OUTSIDE  WALL 


S-RAD-a  =  RADIAL  COMPRESSIVE  STRESS  AT  INSIDE  WALL 


S-RAD-b  =  RADIAL  STRESS  AT  OUTSIDE  WALL 


=  SHEAR  STRESS  AT  INSIDE  WALL 


T-b  =  SHEAR  STRESS  AT  OUTSIDE  WALL 
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2X4CHAMB.XLS 


C  I  D  I  E  J _ F 


AS  PROPERTIES  IN  2X4  MOTORS 


TABLES.  THICK  WALL  CASES 


Pmax 


throat  dial  I.D.  grain  I  '  TEMP  IV  Chambr 


F 


179.4667 


179.3586 


178.7766 


175.5103 


266.6998 


358.2719 


404.253 


450.2366 


0.145 


0.145 


0.145 


0.145 


0.17 


0.19 


0.1975 


0.205 


0.126 


0.125 


0.12 


0.1 


0.1 


0.1 


0.1 


0.1 


0.604258 


0.645605 


0.817935 


1 .25496 


1.006842 


0.719849 


0.514206 


0.17016 


14.54997 


14.31993 


13.19725 


9.1647571 


9.172724 


9.180446 


9.187271 


0.987332 


0.924905 


0.690887 


1.203741 


1.323571 


1.440826 


TABLE  4.  THIN  WALL  CASES 


P  1  burn  rate!  throat  dial  I.D.  Grain  I  TEMP  IV  Chambr 

F 


m\ 

200 

0.145 

F1I 

200 

0.145 

1^1 

200 

0.145 

m\ 

200 

0.145 

m\ 

20^ 

0.145 

wm 

300 

0.17 

ESI 

Bll 

300 

0.17 

300 

0.17 

m\ 

400 

0.19 

m 

mi 

400 

0.19 

0.145 


0.138 


0.125 


0.12 


0.1 


0.125 


0.12 


0.1 


0.1.2 


0.60513 
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0.447415 


0.1 1  1.062181 
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11.0963 


10.22635 


7.101634 


10.23285 


7.106144 


1946  7.117412 


0.530092 


1 .048001 


0.9817381 


0.733341 


1.236424 


0.923586 


1.1054931 


1.393427 


1.262136 


1.035543 


0.954356 


0.662747 


1.54501 


1.423882 


0.988807 


1.892387 


1.314158 


1 .640553 


1 

0.001434 

0.000889 

5025.4 

0.983766 

0.001434 

0.000889 

5025.4 

0.906639 

0.001434 

0.000889 

5025.4 

0.62961 

0.000889 

5025.4 

0.939366 

0.002139 

0.001324 

5034.4 

1.24845 

0.002841 

0.001758 

5039.1 

1.403434 

0.003191 

0.001976 

5040.99 

1.558526 

0.003541 

0.002193 

5042.85 

52.16519 


52.16519 


52.55518 


52.61201 


64.63423 


64.63423 


64.63423 


64.63423 


64.96114 


65.18074 


65.26385 


0.001434 


0.001434 


0.002139 


0.000889 


0.000889 


0.001324 


5025.4 


5025.4 


5034.4 


5034.41 
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0.002139 
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0.002841 

0.001758 

0.002841 

0.001758 

0.003541 

0.002193 

5042.85 
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TABLE  5.  CHARACTERISTICS  OF  FIRST  TEST  PHASE 

MOTORS 

wm 

■■■■ 

a 

MOTOR 

Pressure 

Burn  time 

throat  dia 

Grain  I.D. 

Gran  lenthl 

Velocrty 

mm 

mmm 

WBBM 

_ (in 

(in 

nsiHi 

(ft/sec) 

mm 

steel  1 

200 

15 

IHESES 

0.605 

2.18 

0.96 

14.9 

wm 

steel  2 

400 

12 

0.12 

0.447 

2.25 

1.23 

10.2 

O 

C-130  1 

200 

6 

0.145 

0.605 

0.9 

0.96 

14.9 

o 

A-625  1 

200 

6 

0.145 

0.605 

0.96 

14.9 

m 

A-950  1 

200 

10 

0.126 

0.604 

1.45 

1 

14.5 
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VECTRA  A950  CASE  PREPARATON  PROCl 


MATERIALS 

10  VECTRA  A950  CASES  (NUMBERS  31-40) 

POWER  DRILL 

WIRE  BRUSH 

ACETONE 

R-45M 

DDI 

DBTDL 

SMALL  PAINT  BRUSH 
PLASTIC  CUP 


PROCEDURE 

1)  ROUGHEN  THE  INSIDE  SURFACE  OF  THE  CASES  USING  A  POWER  DRILL 
AND  WIRE  BRUSH. 

2)  WASH  THE  INSIDE  SURFACES  WITH  A  COAT  OF  ACETONE. 

3)  DRY  OFF  THE  ACETONE  WITH  NITROGEN. 

4)  ADD  82.85  GRAMS  OF  R-45M  TO  THE  PLASTIC  CUP. 

5)  ADD  17.14  GRAl'lS  OF  DDI. 

6)  ADD  1  DROP  OF  DBTDL. 

7)  MIX. 

8)  USE  A  SMALL  PAINT  BRUSH  TO  COAT  A  LAYER  (ABOUT  1/16  IN.  THICK)  ’ 
OF  THE  R-45M/DDI  ON  THE  INSIDE  SURFACE  OF  THE  CASES. 


9)  CAST  THE  PROPELLANT  INTO  THE  CASES. 


ARC  2X4  EXPERMENTAL  TEST  FIRING  PROCEDURE  ' 

1.  lABEL  TWO  STEEL  CASES,  1  THIN  WALLED  VECTRA  A625  MOTOR  AND  1  THIN  WALLED  VECTRA  C130  MOTOR 
AK'D  TEN  THICK  WALLED  VECTRA  A  950  MOTOR  CASES 

2.  ROUGHEN  THE  TEN  THICK  WALLED  CASES  WITH  A  POWER  DRILL  STEEL  BRUSH 

3.  BLOW  OUT  THE  DEBRIS  WITH  NITROGEN 

4.  WASH  THE  INSIDE  SURFACE  WITH  ACETONE 

5.  DRY  WITH  NITROGEN 

6.  WASH  THE  INSIDE  SURFACE  WITH  METHANOL 

7.  MEASURE  THE  INSIDE  DIAMEER  1/16",  1/2",  AND  5/4"  FROM  THE  NOZZLE  END  (THE  THICK  WALLED  END  IS 
THE  NOZZLE  END) 

8.  MEASURE  THE  OUTSIDE  DIAMEER  IN  THE  SAMES  PLACES 

9.  MARK  SPOTS  FOR  PLACING  THERMOCOUPLES  AS  IN  THE  SKECH  IN  FIGURE  6  AT: 

A.  2  MARKS  120  DEGREES  APART  1/4"  FROM  THE  NOZZLE  END 

B.  2  MARKS  120  DEGREES  APART  5/4"  FROM  THE  NOZZLE  END 

11.  IDENTIFY  THERMOCOUPLE  TYPE  NEEDED  FOR  150  TO  600  DECREES  F  RANGE 

12.  THIN  THERMOCOUPLE  BEAD  JUNCTION 

13.  COYER  THERMOCOUPLE  JUNCTION  WITH  A  SMALL  BEAD  OF  EPOXY  AND  LET  IT  SET 

14.  CALIBRATE  THERMOCOUPLES  AT  0  DEG  C,  40  DEG  C.  AND  100  DEG  C,  BY  SOAKING  THEM  IN  TEMPERATURE 
CONTROLLED  WATRER 

15.  ESTIMATE  THERMOCOUPLE  LAG  TIME  BY  QUENCHING  IT  FROM  0  DEG  C  ICE  WATER  TO  100  DEG  C  BOlUNG 
WATER  AND  PLOTTING  CHAMGE  OF  TEMPERATURE  READING  WITH  TIME 

16  ATTACH  THERMOCOUPLES  AT  PREMARKED  SPOTS  WITH  EPOXY 

17.  WEIGH  CASES 

18.  MACHINE  THE  GRAINS  OF  THE  2  STAINLESS  STEa  MOTORS,  THE  TWO  THIIN  WALED  VECTRA  CASES,  AND  ONE 
THICK  WALLED  VECTRA  CASE  PER  TABLE  5  AND  RGURE  6. 

19  PUTIN  NOZZLES  WITH  THE  DIAMETER  IN  2X4  SKETCHES 

20  PUT  IN  THERMAUTE  IGNITERS 

21  PUT  2X4’S  ON  TEST  STAND  AND  CONNECT  THERMOCOUPLES  AND  PRESSURE  TRANSDUCER  TO 
INSTRUMENTAION  WHICH  CAN  RECORD  ALL  READINGS  VERSUS  TIME 

22  CHECK  TEMPERATURE  AND  TRANSDUCER  READINGS  BEFORE  FIRING 
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23  FIRE  THE  TWO  STEEL  CASE  MOTERS  AND  ONE  THICK  WALLED  VECTRA  MOTOR  WHILE  MEASURING  PRESSURE 
AND  TEMPERATURE  VERSUS  TIME 

24  WITH  THREE  PRONGED  MICROMETER  MEASURE  THE  CHARRED  lINNER  DIAMETER  AT  THE  THERMOCOUPLE 
POINTS  ON  THE  VECTRA  CASE  TO  RND  THE  AMOUNT  OF  ABLATION 

25  WEIGH  CASES 

26  SCRAPE  OUT  THE  CHAR  LAYER  AND  MEASURE  THE  ID  AGAIN  TO  FIND  THE  CHAR  DEPTH 

27  WEIGH  CASES 

28  CALCULATE  THE  CHAMBER  GAS  HEAT  TRANSFER  COEFFICIENT  AND  THERMAL  GRADIANT  IN  EADH  WALL 

29  CALCULATE  SAFELY  SUSTAINABLE  FIRING  TIMES  AND  PRESSURES  IN  THICK  WALLED  VECTRA  CASES 

30  MACHINE  THE  GRAINS  OF  THE  REMAINING  NINE  THICK  WALLED  VECTRA  MOTORS  PER  THE  INFORMATION  GAINED 
IN  STEPS  24  THRU  29 

31  REPEAT  STEPS  19  THRU  29 

32  SECTION  AND  PHOTOMICROGRAPH 

33  WRITE  REPORT  AND  REVIEWED  PAPER 
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LCP  END -BURNING 

2X4  F 

P(~  %  -5  O  o1& 

FIRING 

NUMBER 

CASE  . 

■  MiATERIAL 

PRESSURE 

(PSD 

DURAI 

(SEC 

1 

RYTON 

196 

1 

j 

Hi 

2 

VECTRA  C130 

>1100 

4.0 

OVERPRESSURED 
(INHIBITOR 
UNBONDED  ?) 

3 

VECTRA  A625 

201 

10.5 

FAILED  @ 

SEC 
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LCP  2X4  FIRINGS 


FIRING 

[UMBER 

CASE 

material 

PEAK 

PRESSURE 

(PSD 

AVERAGE 

PRESSURE 

(PSD 

DURATION 

(SEC) 

CASE/PROPELLANT 
BOND  PROMOTER 

COMME 

1 

VECTRA  C130 

961 

864 

1.446 

N.-100 

2 

VECTRA  C130 

1278 

.070 

NONE 

FAILED 

IGNITI 

3 

VECTRA  C130 

1018 

990 

1.376 

NONE 

4 

VECTRA  C130 

1303 

.059 

N-lOO 

FAILED 

IGNITI 

5 

VECTRA  A625 

966 

.058 

N-100 

'  FAILED 
IGNITI 

6 

VECTRA  A625 

1019 

.807 

N-100 

FAILED 
@  +.8C 

7 

VECTRA  A625 

862 

818 

1 .436 

NONE 

8 

VECTRA  A625 

913 

876 

1.419 

NONE 

9 

RYTON 

316 

269 

2.346 

NONE 

10 

RYTON 

753 

727 

1.578 

N-100 

1 1 

RYTON 

745 

713 

1.605 

NONE 
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DEVELOPMENT  AND  TESTING  OF  LIQUID  CRYSTAL  POLYMER  SOLID 

ROCKET  MOTORS 

Tracy  R.  Reed 

Abstract 

A  working  solid  rocket  motor  with  aU  structural  components  made  out  of 
liquid  crystal  polymers  (LCP's)  was  built  and  tested.  The  motor  cases  and  nozzles  were 
injection  molded.  Three  propellant  formulations  with  different  bum  rates  were  tested  in 
the  motors.  After  development  and  testing,  the  rocket  motors  will  be  sent  to  the  U.S. 
Air  Force  Academy  for  their  advanced  Astronautics  curricula. 
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DEVELOPMENT  AND  TESTING  OF  LIQUID  CRYSTAL  POLYMER  SOLID 

ROCKET  MOTORS 


Introduction 

The  goal  of  this  experiment  was  to  develop  and  produce  a  working  solid  rocket 
motor  with  nozzle  and  case  made  out  of  Liquid  Crystal  Polymers  (LCP's).  Three 
different  propellants  with  three  different  burn  rates  were  formulated.  Due  to  the  nature 
of  LCP's,  it  was  necessary  that  the  propellants  be  non-aluminized  to  cut  down  on 
nozzle  throat  erosion.  After  development  and  testing,  the  motors  were  sent  to  the  U.S. 
Air  Force  Academy  for  ground  launch.  These  newly  developed  motors  will  replace  the 
old  motor  the  Academy  used  in  its  experiments.  The  rocket  motor  used  at  the  Academy 
is  often  referred  to  as  the  Academy  motor.  The  old  Academy  motor  was  labor  intensive 
and  expensive  to  produce.  The  new  motor  requires  very  little  machining  and  is  easy  to 
assemble.  The  cases  and  nozzles  are  injection  molded  into  the  correct  shape.  This  cuts 
down  on  the  cost  of  machining  the  case  and  nozzle,  as  was  required  by  the  old 
Academy  motor.  The  old  Academy  motor  used  only  one  propellant  formulation.  Three 
new  propellants  were  developed  for  the  new  motor  to  provide  more  flexibility. 
Procedure 

The  first  step  in  the  development  of  the  motor  was  the  propellant  formulation. 
Three  different  types  of  propellant  were  developed  with  three  significantly  different 
burn  rates.  The  propellant  was  based  on  the  prior  Academy  motor  propellant  and 
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modified  to  produce  the  new  propellants.  Each  propellant  was  to  have  a  unique  plume 
and  physical  color.  Different  additives  were  added  to  each  propellant  to  provide  these 
different  colors.  The  physical  color  of  the  propellant  was  easy  to  achieve  due  to  the 
different  colors  of  the  bum  rate  modifiers.  The  unique  plume  colors  were  significantly 
more  difficult.  The  propellants  were  referred  to  as  high,  medium,  and  low,  according 
to  bum  rate.  The  high  propellant  is  black,  the  medium  propellant  is  red,  and  the  low 
propellant  is  yellow.  The  plume  color  for  the  high  propellant  is  green,  medium  is  red, 
and  low  is  blue.  The  theoretical  Igp  for  all  of  the  propellants  is  approximately  240  sec. 

to  give  all  of  the  motors  the  same  total  impulse. 

All  solid  ingredients  were  dried  in  a  drying  oven  for  at  least  24  hours  before 
being  used  except  for  the  copper  ammonium  chloride  which  was  ground  and  dried  until 
all  water  appeared  to  be  driven  from  the  hydrated  crystals.  This  turns  the  blue  crystals 
into  a  red-brown  powder.  To  date,  only  the  medium  propellant  has  been  successfully 
mixed  and  fired  in  an  Academy  motor.  The  low  propellant  began  to  cure  in  the  mixing 
pot  on  attempts  to  mix  it.  This  may  be  happening  due  to  the  copper  ammonium 
chloride  which  may  be  acting  as  a  cure  catalyst  causing  the  propellant  to  cure  faster 
than  it  should.  Great  effort  was  required  to  get  the  low  propellant  cast  before  it  was 
completely  cured  in  the  pot.  This  propellant  was  hand  cast  into  the  2x4  motors  due  to 
its  extreme  viscosity.  The  other  two  propellants  were  vacuum  cast.  All  of  the 
propellants  have  been  fired  in  a  2x4  motor  configuration  to  provide  bum  rate  and  Kn 
data.  The  high  propellant  has  not  been  cast  into  Academy  motors  yet,  but  this  should 
occur  in  the  near  future.  More  effort  will  have  to  be  put  into  the  low  propellant  cure 
problem. 

The  propellants  were  cast  into  cardboard  tubes  for  the  Academy  motor  that  had 
been  lined  on  the  inside  with  a  mixture  of  R45M  (a  hydroxy  terminated  polybutadiene) 
containing  A02246  (an  anti-oxidant)  and  DDI  (dimeryl  diisocyanate)  to  ensure  a  good 
bond  between  the  propellant  and  the  tube.  This  tube  was  then  fit  into  an  outer  tube.  The 
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two  tubes  fit  perfectly  inside  one  another.  The  outer  tube  was  then  cut  to  7  1/4  long. 
The  inner  tube  containing  the  propellant  was  slid  into  the  outer  tube,  and  this  whole 
assembly  was  inserted  into  the  motor.  The  nozzle  was  then  pressed  into  place  and  held 
with  rivets.  Detailed  instructions  on  the  assembly  of  an  Academy  motor  may  be  found 
near  the  end  of  this  paper. 

The  original  grain  design  was  a  grain  7  1/4"  long  with  a  3/8"  bore.  The 
propellant  was  then  to  be  cut  radially  into  three  pieces.  The  first  was  to  be  2  1/2"  long, 
the  second  2",  and  the  third  2  1/2".  This  would  allow  the  propellant  to  burn  in  the 
center  as  well  as  on  the  ends.  This  was  to  provide  even  surface  area  throughout  the 
bum.  The  combustion  chamber  in  the  case  is  slighly  larger  than  7  1/4"  long.  This 
allowed  the  propellant  grains  to  move  around  slightly.  It  was  discovered  during  the  first 
five  test  firings  that  there  was  a  tremendous  pressure  differential  over  the  length  of  the 
propellant  grain.  This  caused  the  propellant  segment  nearest  the  nozzle  of  the  motor  to 
be  forced  down  the  nozzle  intake,  compressing  the  end  of  the  propellant  and  pinching 
off  the  flow  of  exhaust.  This  caused  an  immediate  over-pressurization  and  explosion  of 
the  case.  The  solution  to  the  problem  was  a  phenolic  spacer  between  the  nozzle  and 
propellant  that  would  hold  the  propellant  firmly  in  place.  Cardboard  spacers  made  out 
of  the  same  material  as  the  inner  tube  were  first  tried,  but  it  was  found  that  they  lacked 
sufficient  compressive  strength.  During  the  subsequent  firings  of  the  Academy  motors 
the  LCP  nozzle  throat  eroded  to  such  an  extent  that  the  pressure  loss  inside  the  motor 
became  unacceptable.  It  was  decided  that  the  bum  time  must  be  made  short  enough 
such  that  all  of  the  propellant  could  be  burned  before  the  nozzle  eroded  completely 
through.  Various  grain  configurations  were  tried  in  an  effort  to  increase  the  bum 
surface  area.  The  final  solution  was  to  inrease  the  bore  to  49/64"  with  no  radial  cuts. 
This  worked  quite  well,  giving  a  bum  time  of  approximately  3  seconds  with  a 
maximum  thrustcf  approximately  50  lbs.  All  motor  testing  was  done  on  pad  44  in  area 
1-30  at  Phillips  Laboratory,  Edwards  Air  Force  Base.  Bum  rate  and  dat  may  be 
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found  at  the  end  of  this  paper.  is  defined  as  Agj-ain/Athroat*  in. /sec. 

Results 

It  was  proven  that  an  all  LCP  rocket  motor  could  be  manufactured  and  fired. 
Three  propellants  with  different  bum  rates  were  formulated  and  tested  by  means  of  2x4 
and  LCP  motor  firings.  An  all  LCP  case  and  nozzle  was  engineered,  tested,  and  found 
capable  of  withstanding  the  required  operating  pressures.  The  nozzle  still  erodes 
significantly,  just  barely  burning  though  the  nozzle  throat.  In  the  future,  nozzles  may  be 
coated  with  silicon  nitride  or  silicon  carbide  in  an  attempt'  to  relieve  this  problem.  This 
should  give  a  significant  increase  in  motor  performance. 


/ 
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ACADEMY  MOTOR  PROPELLANT  FORMULATIONS 


High 

Infflredient 

Medium 

%  by  weialit  Ingredient 

%  bv  weiglit 

R45M  with  A02246 

10.46 

R45M  with  A02246 

10.46 

DOZ 

2.15 

DOZ 

2.15 

DDI 

2.39 

DDI 

2.39 

AP  (400  me) 

27.11 

AP  (400  me) 

25.17 

AP  (200  me) 

27.11 

AP  (200  me) 

25.17 

AP  (25  me) 

20  78 

AP  (25  me) 

25.17 

Boron 

5.00 

Fe203 

0.20 

Sr(N03)2 

9.29 

Low 

Insxedient 

%  bv  weight 

R45M  with  A02246 

10.46 

DOZ 

2.15 

DDI 

2.39 

AP  (400  me) 

40.00 

AP  (200  me) 

20.00 

AN 

15.00 

• 

Copper  ammonium  chloride  2.00 

Potassium  perchlorate 

8.00 
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INSTRUCTIONS  FOR  ASSEMBLING  AN  ACADEMY  MOTOR 


I .  Bore  nozzle  to  54/64"  using  a  type  Q  drill. 

^  Cut  outer  tube  to  7  3/4"  long. 

3.  Insert  out  tube  into  case  and  compress. 

4.  Tape  1 "  long  phenolic  spacer  to  the  end  of  the  propellant  grain  using  1  layer  of 
masking  tape. 

5.  Slide  grain  into  outer  tube  in  case  and  press  down  firmly. 

6.  Trial  fit  nozzle  on  o  t  ad  of  the  motor  making  sure  that  there  is  no  more  than  a  1/8" 
gap  between  the  nozzle  and  the  end  ot  the  case. 

7.  Prepare  polyurethane  sealant. 

8.  Apply  polyurethane  to  the  nozzle  end  of  the  motor  case  and  both  sealing  surfaces  on 
the  nozzle. 

9.  Wipe  off  excess  polyurethane. 

10.  Insert  nozzle  and  compress. 

1 1  Insert  2  1/8"  rivets  each  on  opposites  sides  of  the  motor  and  use  a  vice  to  press  them 
in.  Rivets  should  go  in  firmly,  but  don’t  force  them.  Make  sure  the  holes  on  the  nozzle 
and  case  are  aligned. 

12.  Insert  other  2  rivets  using  the  same  procedure  as  step  11. 

13.  Prepare  the  igniter  by  cutting  a  piece  ot  the  ANB  to  l/4xl/4xl/8". 

14.  Push  4"  of  #26  nichrome  wire  through  the  center  of  the  face  of  the  propellant. 

15.  Cut  18"  of  #26  strain  gauge  wire  (stranded)  and  twist  1  1/2"  of  it  to  the  nichrome 
wire. 

16.  Insert  the  igniter  1/2  way  down  propellant  gram. 

17.  Secure  the  igniter  wires  to  bottom  of  moioi  with  tape. 
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jf/j^Aca-d^ir^y  Prope.lU»^ 


The  ASTRONAUTICS  LABORATORY  Theoretical  ISP  Program 


Micro  Version 

by  Beckman 

&  Acree 

Revision:  5/89 

13 

:10:36  21- 

PROPELLANT 

HF 

DENSITY 

WEIGHT 

MOLES 

VOLUME 

AP 

-70.6900 

1.9500 

60.0000 

.5107 

30.7692 

R-45 

-.2500 

.9300 

10.4600 

.1675 

11.2473 

DOZ 

-336.8000 

.5190 

2.1500 

.0052 

4.1426 

DDI 

-206.3000 

.9240 

2.3900 

.0041 

2.5866 

AN 

-87.2000 

1.7300 

15.0000 

.1874 

8.6705 

CUAMCI 

-70.0000 

2.0000 

2.0000 

.0072 

1.0000 

KC104 

-102.8000 

1.7300 

8.0000 

.0577 

4.6243 

GRAM  ATOMS  / 
C  .9559  CL 

100  GRAMS 
.5973  CU  . 

0072  H  4. 

4129  K  .0577 

N  .9081 

0  2.9664 

ENTHALPY  =  -61.52411 

DENSITY  =1.586 

CSTAR  (FT/SEC)= 

4844.128 

CHAMBER 

THR( SHIFT) 

EXH (SHIFT) 

PRESSURE  (PSIA) 

1000.00 

566.036 

14.6960 

EPSILON 

.000000 

1.00000 

8.49201 

ISP 

. 000000 

101.717 

238.594 

ISP  (VACUUM) 

. 000000 

186.942 

257.384 

TEMPERATURE (K) 

2773.08 

2534.26 

1317.30 

MOLECULAR  WEIGHT 

'  25.2081 

25.2751 

25.4036 

MOLES  GAS/IOOG 

3.96698 

3.95646 

3.93645 

CF 

. 000000 

.675590 

1.58470 

PEAE/M  (SECONDS) 

. 000000 

85.2246 

18.7902 

GAMMA 

1.21713 

1.21954 

1.25215 

HEAT  CAP  (CAL) 

44.1909 

43.6755 

38.8467 

ENTROPY  (CAL) 

239.204 

239.203 

239.204 

ENTHALPY  (KCAL) 

-61.5241 

-73.4098 

-126.921 

DENSITY  (G/CC) 

.75381E-02 

.46813E-02 

.23501E-03 

ITERATIONS 

23 

14 

25 

PROPELLANT 

HF  DENSITY  WEIGHT 

MOLES 

VOLUME 

AP 

-70.7000 

1.9500  74.8000 

.6367 

38.3590 

R-45 

-.2500 

.9300  10.4600 

.1675 

11.2473 

DOZ 

336.8000 

.5190  2.1500 

.0052 

4.1426 

DDI 

206.3000 

.9240  2.3900 

.0041 

2.5866 

FE203 

197.0000 

5.1200  .2000 

.0013 

.0391 

SR(N03)2 

233.8000 

2.9860  10.0000 

.0473 

3.3490 

GRAM  ATOMS  / 

100  GRAMS 

C  .9559  CL  .6367  FE  .0025  H  4.0807  N  .7394  O  2.9500  SR  .0473 


ENTHALPY  =  -58.94820 

DENSITY  =1.674 

CSTAR  (FT/SEC)= 

4863.014 

CHAMBER 

THR( SHIFT) 

EXH (SHIFT) 

EXH (SHIFT) 

PRESSURE  (PSIA) 

1213.00 

691.096 

14.6900 

4.75867 

EPSILON 

.  000000 

1.00000 

10.2562 

23.9999 

ISP 

.000000 

101.174 

244.861 

263.319 

ISP  (VACUUM) 

.000000 

187.291 

263.636 

277.551 

TEMPERATURE (K) 

2944.47 

2719.11 

1460.60 

1190.93 

MOLECULAR  WEIGHT 

26.8584 

26.9818 

27.4697 

27.4763 

MOLES  GAS/IOOG 

3.72323 

3.70621 

3.64037 

3.63950 

CF 

.  000000 

.669373 

1.62002 

1.74214 

PEAE/M  (SECONDS) 

.  000000 

86.1170 

18.7740 

14.2313 

GAMMA 

1.21125 

1.21252 

1.23237 

1.24428 

HEAT  CAP  (CAL) 

42.4241 

42 . 0213 

38.3670 

36.8405 

ENTROPY  (CAL) 

228.773 

228.772 

228.773 

228.773 

ENTHALPY  (KCAL) 

-58.9478 

-70.7069 

-127.825 

-138. 601 

DENSITY  (G/CC) 

.91753E-02 

.56868E-02 

.22910E-03 

.91042E-04 

ITERATIONS 

9 

20 

48 

33 

376 

The  ASTRONAUTICS  LABORATORY  Theoretical  ISP  Program 


Micro  Version  by  Beckman  &  Acree 

Revision 

:  5/89  13 

:11:02 

PROPELLANT  HF  DENSITY 

WEIGHT 

MOLES 

VOLUME 

AP  -70. 

6900  1 

.9500 

75.0000 

.6384 

38.4615 

R-45 

2500 

.9300 

13.9500 

.2233 

15.0000 

DOZ  -336. 

8000 

.5190 

2.8600 

.0069 

5.5106 

DDI  -206. 

3000 

.9240 

3.1900 

.0055 

3.4524 

BORON 

0000  2 

.3400 

5.0000 

.4625 

2.1368 

GRAM  ATOMS  /  100 

GRAMS 

B  .4625  C  1.2745 

CL  .6384 

H  4. 

5988  N  .( 

5493  0  2.7082 

ENTHALPY  =  -48.64441 

DENSITY  =1.549 

CSTAR  (FT/SEC) = 

4824.350 

CHAMBER 

THR( SHIFT) 

EXH (SHIFT) 

PRESSURE  (PSIA) 

1000.00 

560.671 

14.6960 

EPSILON 

.000000 

1.00000 

9.44873 

ISP 

.000000 

102.675 

244.742 

ISP  (VACUUM) 

.000000 

186.748 

265.564 

TEMPERATURE (K) 

2492.92 

2246.21 

1395.80 

MOLECULAR  WEIGHT 

22.4660 

22.4973 

23.6810 

MOLES  GAS/IOOG 

4.45117 

4.44497 

4.22280 

CF 

.000000 

.684751 

1.63220 

PEAE/M  (SECONDS) 

.000000 

84.0722 

20.8217 

GAMMA 

1.24040 

1.24406 

1.23906 

HEAT  CAP  (CAL) 

45.6406 

45.0262 

43.4950 

ENTROPY  (CAL) 

251.367 

251.367 

251.367 

ENTHALPY  (KCAL) 

-48.6444 

- 

•60.7551 

-117.455 

DENSITY  (G/CC) 

74731E-02 

.46567E-02 

.20676E-03 

ITERATIONS 

25 

7 

21 

378 
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DEVELOPMENT  AND  TESTING  OF  LIQUID  CRYSTAL  POLYMER  SOLID 
ROCKET  MOTORS  AND  HYDROSTATIC  TESTING  OF  LIQUID  CRYSTAL 
POLYMER  ROCKET  MOTOR  CASES 


Tracy  R.  Reed 


Abstract 


A  solid  rocket  motor  with  nozzle  and  case  made  out  of  liquid  crystal  polymers 
(LCP’s)  was  built  and  tested.  This  work  was  a  continuation  of  the  work  done  in  the 
summer  of  1993.  The  rocket  motor  cases  and  nozzles  were  injection  molded.  In  addition, 
hydrostatic  testing  of  liquid  crystal  polymer  2x4’s  was  pertbimed  to  detejmine  their  burst 
pressure  tensile  strength,  whichare  directly  related  to  the  properties  of  the  rocket  motor 
cases.  Molecular  models  of  LCP’s  were  also  drawn. 
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DEVELOPMENT  AND  TESTING  OF  LIQUID  CRYSTAL  POLYMER  SOLID 
ROCKET  MOTORS  AND  HYDROSTATIC  TESTING  OF  LIQUID  CRYSTAL 
POLYMER  ROCKET  MOTOR  CASES 


The  goal  of  this  project  is  to  prodiice  a  workmg  sohd  rocket  motor  with  the  nozzle 
and  case  made  out  of  liquid  crystal  polymers  (TCP’s).  This  work  is  a  continuation  of  work 
done  during  the  summer  of  1993.  Once  operational,  these  motors  will  be  delivered  to  the 
Air  Force  Academy  for  use  in  their  curriculum.  There  were  three  main  parts  to  the 
summCTs  activities:  molecular  modeling,  hydrostatic  testing  of  LCP  2x4’s,  and  Academy 
motor  development. 

Molecular  models  sliowing  the  stmcture  of  7  liquid  ci3'-stal  polym^  were  drawn. 
Various  molecular  modeling  programs  w^  tried,  but  only  Autocad  produced  the  kind  of 
drawings  tliat  were  desired.  Two  dimensional  drawings  depicting  the  hydroquinone 
terepthaiic  acid  backbone  and  the  pedant  groups  were  the  result  of  this  effort.  The  TCP’s 
drawn  are;  phenyl  ethyl  hydroquinone  terepthaiic  acid,  chloro  hydroquinone  teiepthahc 
acid,  hydroquinone  ter^thaiic  acid,  bromo  hydroquinone  terepthahc  acid,  phenyl 
hydroquinone  tereptliaiic  acid,  tertiary  butyl  hydroquinone  terepthahc  acid,  metliyl 
hydroquinone  terepthahc  acid. 

The  hydrostatic  testing  of  foe  LCP  rocket  motor  cases  was  done  on  pad  44  of  area 
1-30  at  Phillips  Laboratory,  Edwards  .4FB.  The  hydrostatic  test  equipment  was  provided 
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by  area  1-32.  Materials  tested  were  Vectra  B950,  A950,  B420,  B230,  and  HX-40CK).  The 
cases  were  filled  with  water  and  then  pressurized  with  nitrogen  until  they  burst.  Burst 
pressures  were  recca-ded.  The  motOTS  were  molded  with  a  slight  taper  on  the  tnside.  Some 
of  the  motors  were  machined  such  that  the  taper  was  removed.  These  motors  are  denoted 
with  an  M  afta-  the  test  article  number,  whidh  is  in  the  leftmost  column  in  the  2x4  burst 
test  data.  AH  machined  motors  were  placed  in  the  test  fixture  thin  side  down  for 
consistency.  The  A950  machined  specimens  had  a  noticeable  impurity  inclusion 
(presumably  fiom  a  previous  material  run  through  the  injection  molder).  It  was  anticipated 
that  the  cases  would  fail  along  this  inclusion.  All  of  the  machined  A950  tested  did  indeed 
fail  along  the  inclusion.  This  shows  that  purity  is  very  inqsortant  to  having  a  high  burst 
strragth,  and  a  high  traisile  strength.  Tensile  strength  values  along  the  direction  of 
molecular  orientation  w^  available  from  the  manufacturer  of  the  polymer  for  some  of  the 
LCP's  that  were  tested.  A  compaiistai  oi'tlie  predicted  burst  pressures  and  the  actual  burst 


pressures  show's  the  actual  taisile  strength  of  the  material  in  the  test  articles: 


Material  Tensile  Strength  (psi) 


PredBufst  PressiireCpsi)  Actual  Burst.  Pressiir^.  Cps^ 


Actual  T^ensiie 


B250  55000  3S89  1260 


11340 


B420  17000  1S89  507 


4565 


The  tensile  strength  of  B230  is  32.4%  of  what  the  manufacturer  found  it  to  be.  The  tensile 
strength  of  B420  is  26.8%  what  the  manufacturer  found  it  to  be.  This  suggests  that  our 
processing  teclmique  is  not  optimal.  Tlie  ii^ection  molding  process  does  not  orient  foe 
polymer  in  tlie  hoop  direction,  which  is  preferred  for  rocket  motor  cases.  Photos  wrere  taken 
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of  evesry  motor  tested  to  make  a  permaneat  record  of  bow  the  case  failed  and  what  the 
fiacture  surfece  looks  like. 

The  cases  for  the  Academy  motor  were  injection  molded  at  HU  AFB  and  tested  on 
pad  44  in  area  1-30  at  Phillips  Laboratory,  Edwards  AFB.  The  propellant  used  was 
slightly  modified  from  that  of  last  summer.  The  additives  for  plume  color  comphcated  the 
mix  process  and  it  was  decided  to  leave  them  out.  The  new  propellant  formulation  can  be 
found  on  the  soUd  propellant  processing  sheet  included  in  this  papCT.  The  included 
processing  sheet  is  for  the  medium  bum  rate  propellant.  For  the  high  bum  rate  propellant, 
.2%  iron  oxide  was  substituted  for  the  .2%  carbon  black.  This  propellant  has  very  good 
processing  characteristics  and  cures  in  24  hours.  Propellant  is  cast  directly  into  the  mo^or 
cases.  The  propellant  was  mixed  in  a  I  gallon  mixer  in  the  new  mix  facility  in  area  1-30. 

One  successful  firing  was  conducted  which  resulted  in  a  peak  thrust  of  63  pounds, 
an  action  time  of  approximately  3  seconds,  and  a  total  impulse  of  129  pound-seconds.  The 
nozzle  throat  diameter  was  bored  to  .328 1  inches  which  should  result  in  a  case  pressure  of 
500  psi..  Numerous  other  firings  at  higher  pressures  resulted  in  blown  nozzles.  Higher 
pressures  are  desired  (on  the  order  of  1000  psi)  to  increase  motor  performance. 

The  current  motor  design  calls  for  the  nozzle  to  be  held  in  place  by  4  rivets,  .125” 
in  diameter.  Great  care  must  be  taken  to  put  the  rivets  in  without  cracking  the  boss  on  tlie 
nozzle  or  sphttmg  tlie  case.  The  nozzles  were  not  perfectly  round  and  had  to  be  machined 
to  fit  into  the  case.  Upon  tiring,  the  rivets  would  pull  througli  the  case  and  the  nozzle 
would  blow  off.  This  is  beheved  to  be  because  of  the  lugh  anisotropy  of  the  rocket  motor 
case,  this  was  not  taken  into  account  in  the  design  of  tlie  motor.  The  hydrostatic  testing  of 
the  2x4  motor  cases  also  suggested  higb  anisoiropy.  'Hiere  are  several  things  that  may 
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solve  this  problem.  The  first  would  be  to  blow  mold  the  case.  This  would  orient  the 
polymers  in  the  direction  of  the  hoop  stress,  wiiich  is  the  optimal  situation.  Another 
impmvement  would  be  to  use  another  way  of  holding  the  nozzle  in  the  case.  One  idea  is  to 
make  a  capture  which  will  go  over  the  nozzle  and  thread  onto  the  case,  locking  the  nozzle 
in  place.  If  the  case  were  blow  molded  and  the  capture  was  injection  molded,  the 
orientation  in  both  parts  would  provide  maximmn  straigih  in  the  desired  directions. 

The  molecular  models  will  help  to  visualize  the  polymer  backbone  and  the  pendant 
group  to  aid  in  the  study  of  the  interactions  between  the  polymer  molecules.  The 
hydrostatic  testing  of  the  2x4  motors  has  shown  the  kind  of  burst  pressures  that  can  be 
expected  with  these  polymers  and  current  processing  methods.  Several  fundamental  design 
problems  were  recognized  and  solutions  proposed  to  solve  them.  Once  these  solutions  are 
in^>lemented,  it  is  believed  that  a  liquid  crystal  rocket  motor  with  good  perteiance 
cliaiacteristics  will  finally  be  realized. 
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IfydtDstatic  testing  data.  All  designations  ending  with  M  are  machined  cases. 


Tracy  Reed 

7/1/94 

LCP  2x4  Bu 

rst  Test  Data 

Notes/Failure  Mode 

wm\ 

Material 

Pressure  (psi) 

:  ^machined  motors  were  thin  side  down  | 

B950-1 

No  peak.,  no  data  printed.  Loose  fitting.  Pinholes. 

B950-2 

358 

Mean: 

4.38E  +  02 

Cracked  along  the  seam. 

B950-3 

469 

Cracked  along  the  seam. 

B950-4 

486 

Std.  Dev.: 

6.95E  +  01 

Cracked  along  the  seam. 

A950-1 

1670 

Good,  rectangular  patch. 

A950-2 

1430 

Mean: 

1.55E  +  03 

Good. 

A950-3 

1240 

A950-4 

1840 

Std.  Dev.: 

2.64E  +  02 

Good. 

197 

Failed  along  inclusion  on  the  interior. 

180 

Mean: 

2.06E  +  02 

Failed  along  inclusion. 

A950-7M 

241 

Failed  along  inclusion. 

A950-8M 

205 

Std.  Dev.: 

2.57E  +  01 

Failed  along  inclusion. 

B420-1 

457 

Rectangular  patch  is  right  along  seam. 

■EQ 

Good,  near  seam. 

wEm 

Good,  near  seam. 

B420-4 

415 

Std.  Dev.: 

1.50E  +  02 

Good,  near  seam. 

B420-5M 

337 

Whole  side 

blew  out. 

B420-6M 

376 

Mean: 

3.59E  +  02 

Good 

B420-7M 

344 

Good 

B420-8M 

377 

Std.  Dev.: 

2.10E  +  01 

Whole  side 

blew  out. 

B230-1 

1130 

Good 

B230-2 

1320 

Mean: 

1.26E  +  03 

Good 

B230-3 

1160 

Good 

B230-4 

1440 

Std.  Dev.: 

1.45E  +  02 

Good 

HX4000-1 

381 

Cracked 

387 


Models  of  liquid  caystal  polymers,  drawn  in  Autocad. 
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Solid  piopellaiit  processing  sheet  used  to  mix  the  propellant  used  in  the  Academy  motor. 
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MATERIALS  ENGINEERING  SECTION 
SCIENCE  &  ENGINEERING  LABORATORY  BRANCH 

McClellan  air  force  base,  California 

CHARRED  PLASTIC  TUBE  SPECIMEN 


SUBMITTED  BY:  TIEC/Mr.  Frank  DATE:  April  8,  1992 

1.  INTRODUCTION:  We  were  requested  to  section  and  microstructurally  evaluate 
a 'plastic  tube  which  had  been  exposed  to  burning  fuel.  The  intent  was  to 
determine  the  type  of  damage  to  the  tube  and  the  structure  of  the  char. 

2.  SPECIMEN  DESCRIPTION:  The  as-received  specimen  is  shown  in  figure  1.  The^ 
specimen  consisted  of  one-half  of  a  longitudinally  sectioned  tube.  One  end  of 
the  specimen  showed  a  large  amount  of  char,  although  the  specimen  had  been 
exposed  to  heat  all  along  the  inner  surface.  The  end  with  the  large  amount  of 
char  was  of  primary  interest;  figure  2  shows  a  magnified  view  of  this  end. 

The  char  was  highly  porous  and  showed  many  thin  flakes. 

3.  EXPERINENTAL:  The  charred  end  of  the  tube  was  encapsulated  with  a  epoxy 
mounting  compound,  with  a  fluorescent  dye  added,  to  support  the  char.  This 
end  of  the  tube  was  then  sectioned  into  three  samples  which  were  encapsulated 
into  discs,  ground,  and  polished  for  examination.  Figure  3  shows  the  location 
of  the  polished  side  of  the  samples  identified  as  A,  B,  and  C.  In  addition, 
longitudinal  and  transverse  (cross-section)  samples  from  the  injection  end  of 
an  unburned  tube  were  cut  and  polished  for  comparison. 

4.  RESULTS: 

a.  Figures  4  and  5  show  the  longitudinal  and  transverse  sections  from 
the  unburned  tube,  respectively.  Several  large  pores  are  visible  in  both 
photographs.  The  pores  were  located  in  two  different  locations:  1)  near  the 
center- thickness  and  2)  near  the  inner  diameter  edge.  There  were  several 
large  cracks  present.  The  plane  of  these  large  cracks  was  perpendicular  to 
the  axial  direction,  as  shown  in  figure  6.  The  cracks  spanned  from  30  to  70% 
of  the  thickness.  The  cracks  were  preferentially,  but  not  exclusively, 
located  at  large  pores.  There  were  many  somewhat  smaller  cracks  at  the 
injection  corner,  as  shown  in  figure  7.  There  were  several  small  cracks 
located  within  5%  of  the  thickness  from  the  outer  or  inner  diameter  edges.  In 
contrast  to  the  other  cracks,  the  plane  of  these  small  cracks  was  primarily 
axial.  Figure  8  shows  an  example.  Figure  8  also  best  shows  what  we  will  call 
flow  lines  near  the  inner  edge.  These  flow  lines  are  really  planar  in 
character,  since  they  are  visible  in  both  longitudinal  and  transverse 
sections-  At  higher  magnifications,  in  many,  but  not  all  areas  a  lamellar 
microstructure  was  visible,  as  shown  in  figure  9.  In  most  cases,  the 
orientation  of  the  lamella  was  perpendicular  to  the  axis  of  the  tube. 

b.  Figures  10,  11,  and  12  show  the  polished  surfaces  of  samples  A,  8, 
and  C,  respectively.  The  epoxy  used  to  encapsulate  the  sectioned  specimens 
did  not  have  the  fluorescent  dye  added,  consequently,  it  is  much  lighter  in 
these  figures  than  the  epoxy  supporting  the  char. 

c.  All  three  samples  showed  all  of  the  same  types  of  defects  found  in 
the  unburned  sections.  These  defects  included  large  pores  near  the 


391 


centerline,  large  pores  near  the  inner  diameter,  and  cracks  transverse  to  the 
axial  direction,  although  these  cracks  were  smaller  than  those  found  in  the 
unburned  sections.  In  addition  there  were  small  cracks  near  the  inner  and 
outer  surfaces,  similar  to  those  shown  in  figure  8.  The  samples  also 
exhibited  the  lamellar  microstructure  shown  in  figure  10  in  many  areas. 

d.  Some  of  the  large  pores  near  the  inner  diameter  in  samples  A,  B,  and 
C  were  caused  by  the  evolution  of  gases  within  the  plastic  as  the  burning  fuel 
raised  the  temperature  of  the  plastic.  This  was  indicated  by  local  changes  in 
flow  line  direction  associated  with  porosity,  as  shown  in  figure  13,  and 
elongated  and  stretched  plastic  material. 

e.  The  structure  of  the  char  is  of  primary  interest  in  this  evaluation. 
Figures  13  and  14  show  some  of  the  charred  area  in  samples  A  and  B, 
respectively.  The  green  areas  of  the  photos  are  the  epoxy  encapsulant  with 
the  fluorescent  dye  added;  the  black  areas  are  the  char.  The  large  amount  of 
porosity  in  the  plastic  adjacent  to  the  char  is  visible,  and  the  highly  porous 
nature  of  the  char  is  evident.  The  char  consists  of  membranes  of  decomposed 
plastic  enclosing  gases  evolved  by  the  decomposition.  The  membrane  structure 
of  the  char  may  be  related  to  the  planar  character  of  the  plastic  which  is 
indicated  by  the  flow  lines  of  figure  8.  Different  regions  of  the  char  itself 
was  apparently  in  different  stages  of  decomposition.  Figures  15  and  16  show 
exactly  the  same  area  of  sample  A  with  exactly  the  same  magnification;  only 
the  illumination  was  different.  Figure  15  shows  the  area  with  oblique  light; 
the  overall  shape  and  size  of  the  char  is  apparent.  Figure  16  shows  the  area 
with  the  light  perpendicular  to  the  surface.  The  areas  of  the  char  furthest 
away  from  the  plastic  show  pieces  which  are  much  more  reflective.  We  believe 
that  the  more  reflective  pieces  are  plastic  material  which  has  been 
graphitized.  This  opinion  is  based  largely  on  the  fact  that  fibers  of 
polished  graphite-epoxy  composite  samples  are  also  very  reflective  under  this 
type  of  lighting.  Figure  17  shows  a  higher  magnification  view  of  one  of  these 
more  reflective  areas. 

5.  CONCLUSIONS: 

a.  Damage  to  the  tube  from  the  burning  fuel  included  decomposition,  pore 
formation,  and  plastic  deformation. 

b.  The  tube  was  significantly  flawed  in  the  as-manufactured  condition, 
with  large  pores  and  both  large  and  small  cracks. 

c.  The  char  had  an  expanded,  membrane  structure,  with  some  regions  of 
apparent  graphitization.  The  membrane  structure  of  the  char  may  be  related  to 
the  planar  character  of  the  plastic. 
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Figure  1.  Specimen  as  received  showing  large  amount  of  char 
on  one  end. 


Figure  2.  Magnified  view  of  charred  end  showing  porous  structure 
with  many  thin  flakes. 
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Figure  3.  Sketch  showing  locations  of  polished 
sides  of  saMples  A,  B,  and  C. 
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Figure  4.  Longitudinal  section  of  unburned  tube.  Examples  of 
large  pores  are  identified  by  "P."  Large  cracks  are 
also  visible.  Magnification;  4.8X. 


Figure  5.  Transverse  (cross)  section  of  unburned  tube  showing 
examples  of  porosity  identified  by  "P." 
Magnification:  4.8X. 
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Figure  6.  Longitudinal  section  of  unburned  tube  showing  large 
cracks.  Magnification:  9.6X. 


Figure  7.  Longitudinal  section  of  injection  corner  of  unburned 

tube  showing  many  smaller  cracks.  Magnification:  9.6X. 
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Figure  8.  Transverse  section  of  unburned  tube  showing  small  cracks 
near  inner  diameter  edge.  Magnification:  12. 8X. 


Figure  9.  Longitudinal  section  of  unburned  tube  showing  lamellar 
microstructure.  Magnification:  200X. 
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Figure  10.  Encapsulated  sample  A  showing  porosity  of  plastic 
along  inner  edge  and  near  center  of  thickness. 


Figure  11.  Encapsulated  sample  B  showing  porosity  of  plastic 
along  inner  edge  and  near  center  of  thickness. 
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Figure  12.  Encapsulated  sample  C  showing  porosity  in  plastic 
along  inner  edge  and  near  center  of  thickness. 


Figure  13.  Charred  region  of  sample  A  showing  the  porosity  of 
the  char  and  of  the  plastic.  Also  shown  is  a  change 
in  the  flow  line  direction,  indicating  plastic 
deformation.  Magnification:  9.6X. 
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Figure  14.  Charred  region  of  sample  B  showing  the  porosity  of 
the  char  and  of  the  plastic.  Magnification:  9.6X. 


Figure  15.  Area  of  sample  A  showing  overall  shape  and  size  of 
char.  Photo  taken  with  oblique  lighting.  Same 
area  as  figure  16.  Magnification:  25. 6X. 
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Figure  16.  Area  of  sample  A  showing  reflective  pieces  of  the 
char.  Photo  taken  with  perpendicular  lighting. 
3.1C63  33  ^JLoljx'0  X3  M3Qnif^ic3tiopi*  25 . 6X . 


Figure  17.  Area  of  sample  A  showing  reflective  pieces  of  the 
char.  Magnification:  lOOX. 
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SOLID  ROCKET  PROPULSION  APPLICATIONS 
FOR  ADVANCED  POLYMERS 

JAMES  S.B.CHEW  and  JOHN  RUSEK 
Astronautics  Laboratory  (AFSC) 
Edwards  AFB,  CA  93523-5000 


ABSTRACT 

The  demands  of  lowering  the  cost  and  increasing  the  reliability  of  solid  rocket 
propulsion  systems  have  forced  the  aerospace  industry  to  investigate  new 
materials  and  fabrication  techniques.  The  performance  specifications  for 
stiffness,  strength  and  temperature  resistance  make  continually  finding  better 
materials  and  processes  quite  challenging.  Advanced  structural  plastics,  such  as 
liquid  crystalline  polymers,  may  meet  these  requirements.  The  Astronautics 
Laboratory  initiated  an  in-house  program  to  determine  if  advanced  polymers  could 
meet  the  cost/performance/reliability  requirements.  Components  identified  for 
polymer  application  includes  motor  cases,  ignitor  housings  and  nozzles.  Injection 
molded  parts,  fabricated  from  VECTRA(R),  XYDAR(R),  ULTEM(R)  and  RYTON(R)  were 
designed  and  tested.  In  addition,  CELAZOLE(R)  was  also  tested.  An  overview  of  this 
program  and  the  progress  to  date  is  presented. 

INTRODUCTION 

The  design  impetus  for  most  solid  rocket  propulsion  components  has  been 
performance.  The  performance  criteria  has  driven  the  industry,  to  develop  extremely 
strong  and  extremely  lightweight  components.  By  reducing  the  inert  component 
weight,  the  amount  of  propellant  can  be  increased  thereby  increasing  the  motor 
performance.  For  rocket  motor  cases,  DCA6  steel  and  graphite  epoxy  have  been  used 
becuase  they  yield  the  desired  high  strengths  and  lov/  weights.  Material  and 
fabrication  costs,  however,  tend  to  be  quite  high. 

The  complexity  of  the  fabrication  processes  using  these  materials  can  lead  to  high 
component  rejection  rate  or  components  that  vary  significantly  in  terms  of 
mechnical  properties  and  structural  integrity.  By  comparison  the  bulk  cost  of  liquid 
crystalline  polymers  is  quite  low.  Material  properties  can  be  tailored  to  the 
application  by  heat  treatment  or  by  adding  fillers.  A  variety  of  low  cost  fabrication 
techniques  including  injection  molding,  pultursion,  compression  molding  and  resin 
transfer  molding  can  be  used  to  make  net  shap  parts  in  one  step. 

This  paper  presents  the  rocket  propulsion  applications  identified  for  these 
materials,  as  well  as  the  progress  to  date.  This  is  a  combined  Air  Force  effort  with 
the  Air  Force  Logistics  Command  at  McClellan  and  Hill  AFB,  the  Air  Force  Armament 
Laboratory  (AFATL)  and  the  Air  Force  Institute  of  Technology  (AFIT)  assisting  us. 

THEORY 

Liquid  crystalline  polymers  (LCP's)  can  be  subdivided  into  two  classes; 
thermotropes  and  lyotropes.  Thermotropic  LCP's  exhibit  liquid  crystalline  behavior 
in  the  melt,  while  lyotropic  LCP’s  are  liquid  crystalline  in  solution.  Examples  of 
thermotropes  include  VECTRA  (R),  HX4000(R)  and  GRANLAR{R),  all  of  which  exhibit 
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an  isotropic/nematic  phase  transition  above  300  C.  Typical  lyotropes  include 
KEVLAR  (R)  and  polybenzthiazoles,  polybenzoxamides  and  polybenzimidazoles. 
KEVLAR  (R)  exhibits  liquid  crystalline  behavior  in  sulfuric  acid  while  the  other 
three  polymers  are  drawn  from  polyphosphoric  acid,  where  they  behave  as  nematic 
LCP's. 

In  general,  the  molecular  architecture  is  the  prime  determinant  in  liquid 
crystalline  behavior.  LCP’s  are  rigid  rod  polymers,  usually  polyesters  which  have  a 
molecular  "aspect  ratio"  of  30;1.  This  implies  a  typical  length  of  90  A  and  a  typical 
degree  of  polymerization  of  10.  Lyotropes  generally  have  many  barriers  to  rotation 
due  to  molecular  geometry,  steric  barriers  and  buried  polar  moeities. 
Polybenzoxazole,  a  typical  lyotrope,  is  depicted  in  Figure  1. 


FIGURE  1.  LYOTROPE  STRUCTURE 


Thermotropes  generally  contain  large  pendant  groups,  no  buried  polar  species  and 
drpicTe°d^in  Figure  backbone  centerline.  A  typical  thermotrope  is 


FIGURE  2.  THERMOTROPE  STRUCTURE 

An  interesting  phenomena  has  been  observed  in  recent  years  within  the  class  of 
thermotropes;  annealing.  A  given  thermotrope  is  injection  molded  into  a 
cylindrically  symmetric  part  as  an  unfilled  resin.  This  part  is  then  subjected  to  a 
long  duration  temperature  cycle  after  which  the  part  will  behave  as  a  thermoset 
This  phenomena  is  not  well  understood  and  is  being  explored  intensely  by  the  Air 
Force  laboratories.  Materials  which  "anneal”  clearly  would  have  great  aoDlication  as 

high  temperature  solid  rocket  case  and  nozzle  materials  as  well  as  liquid  rocket 
engine  component  materials. 
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APPLICATION  IDENTIFICATION 


The  purpose  of  the  Advanced  Polymer  Component  (APC)  program  is  to  utilize  the 
benefits  of  these  polymers  in  the  development  of  rocket  components.  Figure  3 
presents  the  interrelationship  between  this  program  to  other  AL  in-house  research 
programs.  We  feel  that  the  potential  applications  of  these  polymers  is  great. 
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FIGURE  3.  ASTRONAUTICS  LABORATORY  PROPULSION  IN- 
HOUSE  INITIATIVE  RELATIONSHIP 


This  paper  focuses  on  solid  propulsion  motor  applications  .  Figure  4  presents  at 
generic  solid  rocket  motor.  The  inert  components,  such  as  the  motor  case  and 
nozzle  make  uo  the  majority  of  the  total  weight  and  cost  of  the  motor.  When  the 
case  skirts  and  interstages  are  added  to  the  motor,  the  weight  and  cost 
contribution  of  the  inert  components  is  futrther  increased.  When  these  components 
are  made  from  advanced  composites  such  as  graphite-epoxy,  the  labor  costs 
associated  with  the  fabrication  make  up  the  majority  of  the  costs.  By  using  the 
LCPs  low  cost  fabrication  techniques,  such  as  injection  molding,  for  the  various 
components  can  be  applied. 


Crain  port  am  Thrust  terminatim  r.Min 


FIGURE  4.  GENERIC  SOLID  ROCKET  MOTOR  SCHEMATIC 

In  theory,  the  LCPs  have  potential  for  motor  case  applications.  Figure  5  presents  a 
graph  showing  where  the  LCPs  rate  relative  to  other  case  materials.  It  Is  highly 
desirable  to  have  a  material  that  is  extremely  strong  and  extremely  stiff.  As  shown 
in  the  figure,  the  LCPs  approach  this  desired  goal.  For  this  reason,  a  majority  of  the 
solid  rocket  work  using  LCPs  concentrate  on  motor  case  applications.  Some  nozzle 
application  work  was  also  performed. 
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FIGURE  5.  MATERIAL  STRENGTH  l/S.  STIFFNESS  COMPARISON 


PLAN  OF  ATTACK 

With  the  case  and  the  nozzle  applications  identified,  a  work  plan  was  developed. 
Because  the  AL  is  a  newcomer  in  working  with  polymers,  the  most  logical  plan  was 
to  develop  simple  motor  cases  initially.  Depending  on  the  success  of  the  “simple” 
motor  case  development,  more  complex  cases  would  be  developed  using  the  LCPs. 

Figures  6-9  present  the  motors  case  applications  we  are  pursuing.  Figure  6  is  our 
“2x4”  motor,  which  is  used  for  obtaining  propellant  ballistic  property  data.  The 
operating  conditions  are  listed  with  the  figure.  These  cases  would  be  compression 
molded  and  injection  molded  from  the  various  LCPs,  in  particular  the  various  grades 
of  VECTRA.  Figure  7  shows  the  Air  Force  Academy  Motor  and  it’s  operating 
conditions.  Notice  the  increasing  complexity  of  the  motor  cases.  The  LCP  design  for 
Academy  Motor  case  would  be  a  two-part  design  vs.  the  current  three  part  design. 
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(HIGH  PRESSURE  TESTING.  12,000  PSI 
MAX  CHAMBER  TEMP:  3700  K 
MAX  BURN  TIME:  1  SEC 


FIGURE  6.  2X4  TEST  MOTOR 
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CHAMBER  PRESSURE:  300-400PSI 

1  000  PSI  (MAX) 
CHAMBER  TEMPERATURE:  3300  K 
MAX  VERTICAL  LOADS;  15  GS 
burn  TIME:  2.1  SEC 


FIGURE  7.  AIR  FORCE  ACADEMY  MOTOR 
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For  this  motor  case,  the  head-end  closure  and  the  motor  case  would  be  incorporated 
into  one  piece. 

Figures  8  and  9  present  more  ambitious  applications  of  these  materials.  The  A1M-9L 
“Sidewinder”  short  range  air-to-air  missile  is  shown  in  Figure  8.  The  design  of  this 
motor  case  presents  many  challenges.  Not  only  does  the  motor  case  have  to  survive 
the  flight  environment  (up  to  Mach  8  with  a  35  g  turn  capability),  but  it  has  to 
survive  captive  carry  and  handling  loads.  We  selected  the  wing  tip  location  of  an  F- 
16  (shown  in  Figure  10)  as  the  design  condition.  Thermal  conditions  of  -45  F  to  145 
F  will  be  considered,  as  well  as  the  associated  transmitted  moments  and  forces.  We 
will  try  to  design  the  launch  lugs  “into"  the  motor  case.  This  means  that  we  will 
try  to  eliminate  the  launch  lug  "bands"  that  are  currently  used  on  the  AIM-9s.  We 
hope  to  use  the  information  we  gain  from  this  design  for  a  new  generation  short 
range  air-to-air  missile  design. 


VOWMAMWOten  SIAtWNt 


.  5  ”  O.D.,  71"  LONG  (MOTOR) 

.  40  SECOND  FLIGHT  TIME  (MACH  4) 

.  -45F  TO  145F  TEMP  SURVIVABILITY 
•  AEROHEAT  UP  TO  800F 

FIGURE  8.  SIDEWINDER  MISSILE 


The  most  attractive  feature  of  the  LCPs  for  tactical  motor  applications  is  the 
potential  insensitive  munitions  application.  The  mechanical  properties  of  these 
materials  degrade  at  significantly  lower  temperatures  than  current  tactical  motor 
case  materials.  At  600  F,  the  mechanical  properties  degrade  to  a  point  that  a  motor 
case  made  from  these  materials  will  lose  all  structural  integrity.  This  attribute, 
coupled  with  the  LCP’s  inherent  high  strength  and  stiffness  and  low  cost 
fabrication  methods,  have  a  high  potential  of  being  an  ideal  material  for  tactical 
motor  case  applications. 


As  shown  in  Figure  3,  we  are  currently  developing,  demonstrating  and  integrating 
advanced,  low  cost  solid  propulsion  technologies  for  a  new  generation 
intercontinental  ballistic  missile  (ICBM).  Our  first  look  at  applying  LCPs  to  ICBMs 
have  given  us  several  ideas.  Figure  9  presents  the  candidate  areas.  Possibly  the 
most  ideal  areas  are  the  polar  boss,  ignitor  housing  and  interstage.  The  most 
interesting  application  is  for  external  protection  of  the  various  stages.  A  common 
LCP,  KEVLAR,  is  used  for  bullet-proof  vests.  We  hope  to  demonstrate  that  low-cost 
molded  sheets  of  LCPs  are  viable  materiels  for  the  debris  impact  and  thermal 
external  protection  environments. 


FIGURE  9. 
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FIGURE  10.  F-16  STORES  LOCATION 


LOW  COST  FABRICATION  METHODS 

Polymer  components  have  been  fabricated  by  a  variety  of  low/-cost  methods.  These 
methods  have  been  extensively  developed  by  the  toy  and  automotive  industry.  In 
addition,  the  Air  Force  Armament  Laboratory  (AFATL)  has  a  contracted  effort  with 
McDonnell  Douglas  in  St.  Louis  to  investigate  a  variety  of  low  cost  composite 
fabrication  methods  for  tactical  weapon  applications.  The  authors  refer  the  reader 
Ms.  Debbie  Westfall  at  AFATL  for  complete  information  on  this  program.  This 
section  will  present  a  brief  summary  of  the  methods  that  they  have  investigated. 

We  surveyed  the  “Big  3"  automakers  on  polymer  components  fabrication,  and  design 
techniques.  The  “Big  3”  have  formed  an  Automotive  Composites  Consortium  to 
develop  a  data  base  on  this  information.  We  are  currently  supplying  them  with  LCP 
mechanical  properties  data  that  we  are  obtaining.  The  automakers  requirements  for 
low  cost  structural  composites  are  quite  similar  to  the  aerospace  industry’s 
desires  with  one  exception.  They  are  interested  in  a  fabrication  process  that  can 
produce  consistent  quality  parts  very  quickly.  "Very  quickly"  in  the  auto  industry 
means  a  few  minutes.  During  our  recent  survey,  we  found  that  one  automaker 
rejected  a  fabrication  process  because  it  was  too  slow  -  it  took  six  minutes  to 
produce  a  quality  part! 

The  two  fabrication  processes  that  we  have  been  concentrating  on  are  injection 
molding  and  structural  resin  transfer  molding.  Having  investigated  most  of  the 
polymer  component  fabrication  techniques,  including  compression  molding  and 
pultrusion,  we  felt  that  injection  and  resin  transfer  molding  have  the  most  promise 
for  fabricating  parts  that  meet  our  requirements. 

Figure  11  presents  a  schematic  of  an  injection  molding  machine.  This  machine 
melts  the  polymer  pellets  by  resistance  and  shear  heating.  The  shear  heating  is  the 
main  contributor  to  melting  the  polymer  pellets.  The  polymer  is  continually 
"worked",  such  that  all  the  air  is  removed.  Once  a  predetermined  amount  of  melted 
polymer  fills  the  "breech"  section,  it  is  shot  into  the  mold.  After  a  pre-determined 
clamp  time,  the  mold  is  opened  and  the  finished  part  is  removed. 

While  the  injection  molding  process  seems  simple,  there  are  many  variables  that 
are  dependent  on  the  type  of  polymer  being  injected.  Screw  speed,  resistant  heating 
temperature,  clamp  time  and  clamp  pressures  are  some  of  the  factors  that  are 
"polymer  dependent".  A  majority  of  the  component  development  time  is  spent 
determining  these  injection  molding  variables.  Once  these  variables  are  set,  the 
injection  molding  process  will  yield  consistent  high  quality  parts  at  an  extremely 
high  rate. 
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There  are  a  few  limitations  with  injection  molding.  The  parts  cannot  be  too  large  - 
the  cooling  rate  of  the  melted  polymer  is  the  limiting  factor  with  the  component 
size. 


FIGURE  11.  INJECTION  MOLDING  MACHINE 

Figure  12  presents  a  schematic  of  the  structural  resin  transfer  molding  process. 
Much  larger  parts  can  be  fabricated  using  the  structural  resin  transfer  molding 
process.  In  addition,  the  fiber  net  allows  for  a  considerably  stronger  structure  than 
what  injection  molding  can  yield.  This  process  is  will  yield  large,  complex  shape, 
large  parts. 


FIGURE  12.  STRUCTURAL  RESIN  TRANSFER  MOLDING  PROCESS 


PROGRESS  TO  DATE 

Both  feasibility  demonstrations  and  design  data  generation  have  been  the  emphasis 
of  the  progress  to  date.  This  two-prong  approach  was  taken  because  some 
immediate  “feasibility”  applications  were  identified,  such  as  the  2x4  motor  case 
and  the  academy  motor  nozzle.  However,  we  had  to  check  the  mechanical  properties 
of  the  various  polymers  to  establish  a  data  base  for  us  to  design  from.  While  the 
various  vendors  have  published  tensile  strength  data,  we  needed  to  verify  these 
numbers  prior  to  any  extensive  design. 

Figure  13  presents  the  molded  tensile  strength  specimens  that  were  tested  at  the 
Astronautics  Laboratory.  This  “parts”  yields  three  tensile  test  specimens  in  the 
“axiai”  direction  and  three  in  the  “transverse”  direction.  These  directions  refer  to 
the  polymer  molecular  orientation,  which  is  determined  by  the  direction  of  the 
polymer  flow  in  the  mold.  The  “prongs”  of  the  part  are  the  “axial"  specimens,  v/hile 
the  “paddle”  portion  contains  the  “transverse"  specimens.  The  scrap  material  from 
these  parts  were  used  for  propellant/material  compatibility  testing,  which  will  be 
discussed  later  in  this  section. 
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The  Figure  13  part  was  molded  with  VECTRA  A625,  VECTRA  C130  and  RYTON.  The 
nomenclature  on  the  VECTRA(R)  refer  to  the  type  of  filler  (A  is  glass,  C  is  carbon) 
and  the  amount  of  loading  in  the  polymer.  The  advertised  tensile  strengths  of  these 
materials  are  24,000  psi,  31,000  psi.  and  12,000  psi,  respectively. 


FIGURE  13.  POLYMER  TENSILE  STRENGTH  TEST  PART 


Figure  14  and  15  present  the  post-test  specimens.  Notice  that  tabs  were  bonded  to 
the  ends  for  the  grips.  We  have  just  started  measuring  the  mechanical  properties 
and  have  had  some  difficulty  with  the  testing.  We  are  detecting  a  trend  that  the 
tensile  strength  numbers  that  we  are  measuring  are  lower  than  the  published 
values.  These  are,  however,  extremely  preliminary  numbers. 


figure  14.  POST  TEST  TENSILE  SPECIMENS  (TABBED) 


The  scrap  pieces  from  the  “paddle”  end  of  the  part  were  used  for 
propellanVmaterial  bonding  compatibility  tests.  Eight  samples  of  each  material 
were  used  for  this  testing.  Uncured  propellant  was  applied  to  the  surface  of  these 
samples.  Then  propellant  was  then  cured.  We  would  try  to  peel  the  propellant  from 
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these  samples  after  cure  to  determine  (albeit  in  a  crude  manner)  if  we  had  a  “good" 
bond  or  not.  A  “good"  bond  was  deemed  as  when  the  propellant  was  extremely 
difficult  to  peel  from  the  sample  and  failed  cohesively  when  the  propellant  was 
finally  peeled.  A  “bad"  bond  was  when  the  propellant  neatly  peeled  from  the  sample. 


FIGURE  15.  POST  TEST  TENSILE  SPECIMENS  (UNTABBED) 


The  surfaces  of  the  samples  were  treated  in  the  following  manner: 

-  no  surface  treatment 

-  surface  roughened  with  sandpaper 

-  surface  coated  with  N-100  isocyanate 

-  surface  roughed  and  coated  with  N-100  isocyanate 


FIGURE  16.  "GOOD"  PROPELLANT  POLYMER  BOND 


Much  to  our  surprise,  most  of  our  test  samples  yielded  good  results.  Only  the 
samples  which  did  not  have  any  surface  treatment  yielded  bad  bonds.  Figure  16 
presents  some  of  the  “good”  bond  samples.  Figure  17  presents  a  “bad”  bond. 
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FIGURE  17,  "BAD"  PROPELLANT  POLYMER  BOND 


The  results  of  this  testing  gave  us  the  added  confidence  we  needed  prior  to  casting 
the  2x4  motor  cases  that  were  molded  from  the  LCP  materials.  We  fe!t  that  we 
could  cast  propellant  into  these  cases  with  a  minimum  amount. of  surface 
treatment. 


Figure  18  presents  the  variety  of  2x4  motor  cases  that  we  worked  with.  On  the  left 
is  our  current  2x4  metal  case.  The  one  to  the  right  of  it  is  molded  from  VECTRA 
Cl 30.  Next  to  that  one  is  one  molded  from  VECTRA  A625.  Next  to  that  is  one  that 
was  machined  from  a  billet  of  LCP  materia!  known  commercially  as  CELAZOLE.  This 
material  has  no  known  melted  point  and  has  to  be  compression  molded  and  machined 
to  form  parts.  For  our  application,  we  bought  existing  tube  stock  and  machined  the 
interior  to  our  required  dimensions. 


FIGURE  18.  2X4  MOTOR  CASES 


igures  19-21  present  some  of  the  test  results.  The  wall  thickne-s  of  the  CEIA7 
2;<4  was  .250  inches,  while  the  wall  thicknesses  of  ^fo=d  oir". 
inches.  Tne  reason  for  the  different  thicknesses  was  that  we  oave  th?  CEL A7 
2x4.  Which  we  tested  first,  a  healthy  margin  of  safety  We  <?esTgned  tSe  pai 
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withstand  an  internal  pressure  of  7000  psi.  After  several  successful  firings,  the 
molded  2x4s  were  designed  for  the  “low  pressure”  2x4  test  conditions  of  2300  psi. 
Figure  19  presents  the  results  of  two  2x4  motor  tests.  The  CELAZOLE  motor,  which 
survived  a  chamber  of  pressure  of  1200  psi  for  1  second,  is  shown  on  the  right.  A 
VECTRA  part  which  we  “plunge  molded”  at  the  Astronautics  Laboratory  is  shown  on 
the  left.  This  “Plunge  molded”  part  was  full  of  voids,  but  we  tested  it  to  determine 
the  defect  tolerance  of  using  these  materials.  While  the  part  failed  at  a  void  we 
were  surprised  to  see  two  things.  First  was  that  we  were  able  to  recover  over  two- 
thirds  of  the  motor  case.  Second  was  the  char  layer  which  was  created  when  the 
polymer  was  exposed  to  a  flame.  This  char  layer  would  ablate  when  exposed  to  a 
flow  field.  This  char  behavior,  coupled  with  the  propellant  bonding  potential  of 
these  materials  give  us  great  hope  that  we  can  use  these  materials  to  reduce  the 
number  of  interfaces  in  future  solid  propulsion  systems.  Figure  21  shows  some 
more  of  this  char  behavior  on  the  molded  2x.4  motors. 


FIGURE  19.  CELAZOLE  AND  VECTRA  2X4  TEST  RESULTS 


FIGURE  20.  INJECTION  MOLDED  2X4  MOTOR  CASE  TEST 

RESULTS 
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FIGURE  21.  CHAR  BEHAVIOR  FROM  VECTRA  2X4  MOTOR  CASE 


We  learned  some  more  about  the  design  limitations  of  these  materials  during  the 
molded  2x4  tests.  Figures  22  and  23  show  some  of  the  successful  and  not-so- 
successful  tests.  We  used  the  published  mechanical  properties  data  when  we 
designed  the  mold  for  these  parts.  In  theory,  these  parts  should  have*  withstood  a 
chamber  pressure  of  2300  psi.  They  failed  at  chamber  pressures  of  1000  psi. 
Discussing  these  test  results  and  the  mechanical  properties  test  results  with 
engineers  from  the  “Big  3”  automakers,  we  found  that  as  a  rule,  the  engineers 
usually  design  to  65%  of  the  published  mechanical  properties  While  we  are  still 
learning  to  work  with  these  materials,  this  will  be  good  rule  of  thumb  for  our  first 
cut  designs. 


FIGURE  22.  VECTRA  A625  INJECTION  MOLDED  2X4  TEST 

RESULTS 

Figure  24  presents  some  nozzle  tests  that  we  performed  using  CELAZOLE  nozzles. 
Using  the  Air  Force  Academy  motors,  we  exposed  these  nozzles  to  650-800  psi  for 
4-5  seconds.  Noticed  that  the  recessive  behavior  of  this  polymer  is  similar  to 


414 


FIGURE  23.  VECTRA  C130  INJECTION  MOLDED  2X4  TEST 

RESULTS 

graphite.  This  material  is  stronger  than  graphite  and  also  has  homogeneous 
properties.  While  further  testing  is  required,  the  CELAZOLE  material  seems  to  hold 
some  promise  as  a  tactical  motor  nozzle  material. 


FIGURE  24.  CELAZOLE  NOZZLE  TEST  RESULTS 


We  have  recently  started  a  joint  motor  case  design  program  with  the  Air  Force 
Institute  of  Technology,  at  Wright-Pattersoh  Air  Force  Base.  A  group  of  graduate 
students  will  be  designing  a  short  range  air-to-air  motor  case  using  LCP  materials. 
The  design  requirements  are  for  the  wing  tip  of  an  F-16.  The  survivability 
requirements  for  this  motor  case  are  the  same  as  for  the  current  systems. 

SUMMARY/CONCL  USIONS 

The  test  results  to  date  have  shown  that  the  Liquid  Crystalline  Polymers  have  some 
great  potential  for  solid  rocket  applications.  Our  initial  testing  have  shown  that 
there  are  some  design  techniques  that  need  to  be  used  to  realize  the  full  potential 
of  these  materials.  Hov/ever,  we  are  learning  more  of  these  techniques  with  each 
design  exercise  that  test. 
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We  encourage  any  industry  and  government  agency  comments  on  this  program. 
Working  in  this  area  in  new  to  us.  We  welcome  any  constructive  comments. 

The  amount  and  quality  of  the  work'  presented  in  this  paper  could  not  be  possible 
without  the  help  of  the  following  people: 

Chris  Frank,  Rich  Griffen,  Heiu  Nguyen,  Pete  Huisveld,  Jim  Trout,  Shiri  Breitling, 
Janet  Shelley,  Tom  Duffy,  Dave  Robinson,  Jason  Baird,  the  AL  LCP  team  and  the 
Automotive  Composite  Consortium. 

This  paper  would  not  have  been  possible  without  their  significant  contributions. 
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Abstract: 

The  search  for  stronger,  lighter 
weight,  more  reliably  manufacturable  rocket 
components  has  led  the  propulsion  industry  to 
examine  Liquid  Crystal  Polymer  (LCP) 
materials  for  rocket  component  applications. 
This  paper  presents  some  preliminary 
research  into  the  applications  of  LCP's  in  both 
solid  and  liquid  propulsion  system 
components.  The  materials  examined  are 
commercially  available  and  general  physical 
property  information  is  presented.  Three  test 
articles  were  fabricated:  solid  test  motor 
cases,  nozzle  plugs,  and  compatibility 
specimens.  A  summary  of  these  tests  and 
some  of  the  lessons  learned  are  presented. 

Introduction: 

The  rocket  propulsion  community  is 
facing  some  interesting  challenges  in  the  near 
future.  With  decreasing  defense  budgets  and 
increasing  costs  of  individual  systems,  the  Air 
Force  is  striving  to  reduce  the  acquisition 
costs  and  total  life  cycle  costs  of  its  rocket 
systems,  both  while  maintaining  performance 
and  improving  system  reliability.  The  drive 
toward  lower  cost  and  higher  reliability  has 
led  the  propulsion  community  to  search  for 
new  materials  and  manufacturing  techniques 
for  its  components.  Liquid  Crystal  Polymers 
show  promise  for  future  propulsion 
applications.  The  Advanced  Polymer 
Components  project  at  Phillips  Laboratory 
(AFSC)  Is  studying  the  application  of  Liquid 
Crystal  Polymers  to  rocket  motor  and  engine 
components.  LCP's  exhibit  high  strengths, 
good  solvent  resistance,  and  good  thermal 
stability.  Their  relatively  low  coefficients  of 
thermal  expansion  and  good  insulating 
characteristics  have  led  to  applications  in  the 
electronics  industry  for  computer  circuit 
boards  and  components.  Auto  manufacturers 
have  been  researching  the  use  of  LCP’s  for 
under-the-hood  components  because  of  their 
excellent  solvent  resistance  and  good  thermal 


stability.  These  same  characteristics  make 
these  materials  attractive  for  rocket  motor 
and  engine  components. 

Materials: 

The  particular  materials  being 
researched  at  the  Phillips  Laboratory  (PL) 
are  thermotropic  liquid  crystal  polymers. 
Several  manufacturers  have  injection 
moldable  LCP's  of  this  type  on  the  market. 
Some,  not  all,  of  the  products  are:  Xydar 
(Amoco)  ,  Vectra  (Hoechst-Celanese),  HX- 
4000  (DuPont),  and  Granlar  (Montedison). 
Most  of  these  polymers  are  marketed  as  filled 
injection  molding  compounds.  Common  fillers 
include  chopped  carbon  fibers,  chopped  glass 
fibers,  and  talcs.  Phillips  Laboratory  is 
researching  both  filled  polymers  and  neat 
resins  for  their  chemical  and  mechanical 
properties  with  potential  application  to 
rocket  components.  Table  1  shows  a 
comparison  of  some  of  the  published  physical 
properties  of  several  advanced  engineering 
polymers.  (The  Polyphenalene  Sulfide  (PPS) 
and  Bismaleimide  are  not  LCP's.  The 
information  is  included  only  for  comparison.) 


Table  1 

Properties 

of  Some 

Engineering 

Polymers'' 

Tensile 

Tensile 

Heat 

Name 

Strength 

Modulus 

Deflection 

(Kpsi) 

(Mpsi) 

Temp  (®F) 

Vectra 

35.6 

5.4 

428 

B230 

Vectra 

23.5 

2.2 

4  64 

C130 

HX4000 

13.0 

3.1 

504 

Xydar  G 

19.8 

2.3 

592 

430 

Granlar 

20.0 

1.85 

609 

PPS 

12.0 

0.63 

N/A 

(Ryton) 

BMI 

7.7 

0.52 

N/A 

*AlAA  Member 
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Most  LCP's  are  marketed  as  filled 
resins  for  two  reasons:  to  reduce  the  inherent 
physical  property  anisotropy  due  to  flow 
shear  during  molding,  and  to  yield  parts  with 
acceptable  surface  finishes.  Early  tensile 
property  tests  at  Phillips  Laboratory  showed 
that  even  filled  injection  molded  LCP’s  exhibit 
anisotropy.  Test  specimens  displayed  an 
approximate  30%  difference  in  load  carrying 
capability  and  tensile  modulus  between  the 
longitudinally  oriented  specimens  and  those 
oriented  transverse  to  the  injection  flow 
direction.  Neat  resin  specimens  displayed  up 
to  a  60%  difference  in  strength  and  modulus 
between  the  longitudinally  and  transversely 
oriented  specimens.  These  differences  are 
outside  of  the  scatter  in  the  data.  This  implies 
that  material  anisotropy  should  be  considered 
in  designing  highly  loaded  components. 

Component  peculiarities  typical  of  the 
injection  molding  process  must  also  be 
considered  when  designing  highly  loaded 
components  of  LCP's.  The  tensile  property 
tests  showed  a  strong  tendency  for  specimens 
to  break  in  the  "cold  shot"  region  near  the  end 
of  the  injection  flow  length  at  the  mold 
boundary.  Material  weakness  due  to  localized 
flow  cooling  or  flow  covergence  lines  must  be 
very  carefully  considered  when  designing 
highly  loaded  parts.  Rocket  motor  and  engine 
components  are  both  highly  loaded  and 
subjected  to  extreme  environments. 

Applications  and  Results: 

Liquid  Crystal  Polymers  have  been 
considered  for  application  to  several  rocket 
motor  and  engine  components.  Their  high 
strength,  good  thermal  stability,  coatability, 
and  solvent  resistance  makes  LCP's  attractive 
for  both  solid  and  liquid  system  nozzles,  or 
nozzle  substructures,  solid  rocket  cases  and 
igniter  cases,  liquid  propellant  inducers, 
pump  housings,  and  tankage.  Several  small 
demonstration  articles  have  been  molded  and 
tested  to  determine  the  feasibility  of  using 
LCP's  for  rocket  components.  The  test 
articles  are:  2X4  solid  motor  cases,  hybrid 
demonstrator  nozzle  plugs,  and  liquid 
propellant  compatibility  test  articles. 

2X4  Solid  Motor  Cases 

2X4's  are  small,  2  inch  diameter,  4 
inch  long  solid  rocket  motors  used  to  test 
propellant  ballistic  properties.  The  2X4 


motor  cases  are  currently  made  of  steel  and 
are  reusable.  However,  they  provided  an 
interesting,  inexpensive,  and  relatively  low 
risk  vehicle  for  testing  the  application  of 
LCP's  to  solid  motor  cases.  Cases  were 
injection  molded  of  Vectra  A625  (25%  carbon 
flake  filled),  Vectra  Cl 30  (30%  choppped 
glass  fiber  filled),  and  Ryton  (30%  glass 
filled  PPS)  with  both  1/8  and  1/4  inch  wall 
thicknesses.  Of  the  11  motors  fired  with  1/8 
inch  wall  thickness,  4  failed  due  to  over¬ 
pressurization.  The  maximum  internal 
pressure  achieved  was  approximately  1300 
psi.  The  cases  were  designed  to  achieve 
approximately  2300  psi  using  the 
manufacturers'  strength  and  modulus  data. 
Using  material  properties  generated  from  in- 
house  testing,  the  cases  should  have  been  able 
to  maintain  pressures  of  1100  to  1400  psi. 
This  difference  in  design  pressures 
illustrates  an  important  point.  As  with  many 
other  composite  materials,  the  translation  of 
material  properties  from  manufacturer's  data 
to  "as  produced"  parts  is  not  good.  In  this 
case,  the  "as  molded"  part  strength  is  only 
half  of  the  manufacturer's  calculated  value. 

Hybrid  Demonstrator  Nozzle  Pluas^ 

The  Hybrid  Demonstrator  is  a  simple 
hybrid  engine  with  a  polyurethane  core  and 
gaseous  oxygen  as  the  combusting  agent. 

Small  plugs  were  molded  to  fit  the  nozzle 
assembly  of  the  demonstrator  to  provide  long 
duration  heat  exposure  and  thermal  shock 
information  on  the  LCP's.  All  the  materials 
tested  were  neat  resins:  Xydar  SRT  300,  and 
SRT  500,  Vectra  A950,  and  HX400.  Tests 
ranged  in  duration  from  1  to  22  sec  and  from 
50  to  90  psi  internal  pressure.  Significant 
charring  and  erosion  were  noted  on  all  plugs, 
even  after  1  sec  of  flame  exposure.  However, 
all  the  plugs  survived  the  thermal  shock  of 
engine  ignition.  Loss  of  structural  integrity 
occured  between  15  and  22  sec  for  all  the 
materials  tested. 

Liquid  Propellant  Compatibility  Test 
Articles^ 

Compatibility  tests  were  conducted  on 
1/2  inch  diameter  disks  of  8  different  LCP's 
and  PPS  soaked  from  24  hrs  to  one  week  in 
Monomethyl  Hydrazine  (MMH)  and  Nitrogen 
Tetroxide  (NTO).  The  materials  tested  were: 
Vectra  A950,  C950,  A625,  A130,  B230, 
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HX4000,  Xydar  SRT  300,  Xydar  RC210,  and 
Ryton.  The  HX400  released  potentially 
dangerous  by  products  when  soaked  in  MMH. 
The  vectra  A625  lost  3.2%  of  its  weight  after 
24  hrs  in  MMH.  Vectra  A950  gained  0.84% 
weight  after  24  hrs  in  MMH.  The  HX4000 
lost  over  60%  of  its  weight  after  24  hrs  in 
MMH.  Weight  changes  where  as  small  as 
0.02%  (Xydar  RC210)  after  24  hrs  in  NTO. 
The  weight  of  HX4000  changed  the  most  in 
NTO,  also,  losing  over  7%.  After  one  week  in 
MMH,  Vectra  C950  lost  11%  weight,  Vectra 
A625  lost  22%  weight,  and  HX4000  almost 
completely  disintegrated.  Both  the  Xydar  SRT 
300  and  Xydar  RC  210  maintained  99.9%  of 
their  original  weight  after  a  week  immersed 
in  NTO. 

Conclusions 

Several  "quick  and  dirty"  tests  have 
been  conducted  on  Liquid  Crystal  Polymers  to 
determine  their  suitability  for  use  in  rocket 
motor  and  engine  components.  Although  not 
all  of  the  tests  have  been  completely 
successful,  they  have  provided  valuable 
insights  into  LCP  processing,  part  design,  and 
material  performance.  Many  LCP's,  due  to 
rapid  melt  transitions  and  high  temperatures, 
have  very  tight  processing  windows. 
Component  weaknesses  from  flow  cooling  or 
flow  covergence  require  careful  mold  design, 
mold  temperature  control,  and  careful  part 
design.  The  translation  of  material  properties 
from  manufacturer's  data  to  "as  molded"  part 
performance  is  not  efficient.  This  poor 
translation  requires  that  thorough  screening 
and  mechanical  properties  tests  be  conducted 
on  candidate  materials  and  processing 
techniques  to  determine  suitable  design 
parameters. 

In  spite  of  the  difficulty  of  applying 
LCP’s,  these  polymers  present  several 
interesting  properties  that  require  further 
research.  A  pronounced  "skin  and  core" 
effect,  where  the  material  near  a  part  surface 
is  more  molecularly  oriented,  therefore 
stronger,  than  material  closer  to  the 
centerline  of  the  part,  implies  that  the 
structural  efficiency  of  LCP  parts  decreases 
with  increasing  part  thickness.  This  effect 
may  develop  into  strong,  damage  tolerant  thin 
structures.  Some  LCP’s  may  undergo  a  type  of 
"physio-chemical  annealing"  that  eliminates 
the  melt  temperature  transition  and  increases 


the  polymer  degradation  temperature.  This 
"annealing"  phenomenon,  if  properly 
developed,  may  lead  to  light  weight  polymer 
parts  for  high  temperature  applications. 

Future  research  being  conducted  by 
Phillips  Lab  will  include  examination  of  the 
annealing  behavior  of  Liquid  Crystal 
Polymers,  design  property  characterization 
of  these  materials,  processing  effects 
research,  and  further  component 
development. 

The  author  acknowledges  the  efforts  of 
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Design  of  a  Blow  Molded  LCP  Pressure  Vessel  and  a  Fiber 
Reinforced  Pressure  Vessel. 
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Abstract 

Three  pressure  vessel  with  a  length  of  35  inches,  case  diameter  of  10  inches, 
and  an  internal  pressure  of  3500  psi  were  designed.  Two  separate  types  were 
analyzed,  an  unreinforced  Liquid  Crystal  Polymer  (LCP)  and  a  S-glass/LCP 
reinforced  pressure  vessel.  Two  cases  were  assumed  for  the  unreinforced  LCP 
the  best  weight  17.5  Ibf;  a  realistic,  conservative  design  would  weight  33.5  Ibf. 
An  unreinforced  spherical  pressure  vessel  weighting  21.4  Ibf  was  also 
designed.  The  reinforced  pressure  vessel  weight  3.00  lbs.  Further  study  of 
LCP  flow  patterns  and  fiber/LCP  interaction  is  recommended. 

Approach 

There  are  two  sections  to  this  report.  The  first  deals  with  a  LCP  pressure 
vessel.  The  second  deals  with  a  S-glass/LCP  reinforced  pressure  vessel  with  a 
LCP  bladder.  The  pressure  vessel  with  design  requirements  are  shown  in 
figure  1.  The  material  properties  of  LCP  and  S-glass  are  shown  on  tables  1  and 
2. 


L  =  35  in 


Figure  1.  The  Pressure  Vessel. 

Table  1.  Table  2. 


LCP  Properties  S-glass  Properties 


X 

40  ksi 

X 

665  ksi 

Y 

20ksi 

Fiber  Vol. 

67% 

P 

1.4g/cc 

P 

25  g/cc 

Bandwidth 

.25  in 
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LCP  Pressure  Vessel 


LCP  behaves  anisotropically,  but  the  orientation  is  unknown,  therefor  thin 
walled  pressure  vessel  theory  is  used  for  analysis.  The  polymer  chains  are 
assumed  to  align  either  parallel  or  perpendicular  to  the  bottle  axis.  Two 
designs  are  examined  that  cover  the  both  possibilities.  This  is  the  best  that 
can  be  done  imtil  further  investigation  shows  specific  LCP  chain  orientation. 

The  interaction  of  forces  would  most  likely  give  an  in-between  orientation. 
The  exact  orientation  will  remain  unknown  until  the  study  of  LCP  advances. 
Additional  problems  include  the  blow  molding  process.  When  the  paranon, 
unformed  plastic,  is  injected  into  the  mold  cavity  damage  to  the  polymer 
chain  by  a  screw  might  occur.  The  screw  develops  pressure  to  inject  the 
paranon  into  the  mold  cavity.  If  long  polymer  drains  are  to  be  maintained 
the  screw  action  would  probably  damage  them. 

Parallel  Alignment 

Shearing  forces  would  probably  make  tire  LCP  drain  orient  or  align  itself 
longitudinally  during  the  injection  step.  This  would  give  a  polymer  chain 
alignment  pole  to  pole,  shown  in  figure  2. 


Figure  2.  Longitudinal  Polymer  Chain  Alignment. 

A  LCP  parallel  alignment  would  require  a  case  (hoop)  thickness  of  .875  inches 
and  dome  thickness  of  .21875  inches,  shown  on  table  3.  The  additional  hoop 
thickness  is  required  to  balance  the  hoop  forces.  Since  the  blow  molding 
process  cannot  control  thickness,  the  wall  thickness  will  be  determined  by  the 
weakest  section,  in  this  case  the  hoop  section. 

Table  3. 

_  Longitudinally  Aligned _ 

Safety  Factor  Weight 

.875  in  .21875  in  1.5  33.5  Ibf 
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Perpendicular  Alignment 


The  other  possible  alignment  is  the  polymer  chains  aligned  cylindrically, 
shown  in  figure  3. 


Figure  3.  Hoop  Alignment. 

The  dome  and  case  thickness  are  equal  with  a  perpendicular  alignment, 
shown  on  table  4.  This  would  be  the  optimal  iignment.  However,  the 
shearing  forces  might  make  this  the  most  difficult  to  achieve. 


Table  4. 

Hoop  Alignment 


tose  Uowe  Safety  Factor 

.4375  in  .4375  in  1.5 

Weight 

17.5  Ibf 

Spherical  Design 

The  weakest  area  is  the  cylindrical  section.  A  spherical  pressure  vessel,  which 
would  avoid  this  problem,  assuming  parallel  alignment  and  equal  internal 
volume  would  have  the  characteristics  shown  in  table  5. 

Table  5. 

Spherical  Pressure  Vessel 

Diameter  t  Safety  Factor 

20.4  in  .665  in  1.5 

Weight 

21.4  Ibf 

Fiber  Reinforced  Pressure  Vessel 


The  fiber  reinforced  pressure  vessel  was  designed  with  the  same 
requirements  as  the  LCP  only  design.  Netting  Analysis  was  used  to  analyze 
the  pressure  vessel  which  assumes  only  the  fibers  are  being  loaded.  It  does 
not  include  fiber/matrix  or  composite/bladder  interaction.  A  more  complete 
analysis  is  being  done  using  laminate  plate  theory.  A  boss  diameter  of  1  inch 
is  assumed.  The  weight,  shown  on  table  6,  is  substantially  less  then  the 
unreinforced  LCP. 
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Table  5. 

Fiber  Reinforced  Pressure  Vessel 

tdome  Safety  Factor 

Weight 

t 

.070  in 

.071  in  1.5 

3.00  Ibf 

Recommendations 

f 

The  fiber  reinforced  LCP  pressure  vessel  is  ti\e  best  design  if  weight  is  the  only 
consideration.  If  production  time  is  a  consideration  and  the  weight  penalties 
are  acceptable,  tiien  the  unreinforced  LCP  design  would  be  better. 

Before  any  designs  are  considered,  careful  study  of  LCP  flow  patterns  must  be 
investigated.  The  LCP  chain  orientation  is  extremely  critical  for  any 
unreinforced  pressure  vessel.  Proper  fiber/matrix  interaction  to  ensure  good 
bondage  and  proper  fiber  voltune  must  also  be  studied. 
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